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ABSTRACT
The Ecuadorean Andes sustains one of the most remarkable frog diversifications. In this region,
nearly one in three known species of amphibians belong to the Pristimantis genus, which
contains the majority of the direct-developing terrestrial frog species. Although efforts are
ongoing to understand the diversity of Pristimantis, large regions of the ecosystems they occupy
remain understudied, and speciation and diversity of this genus remains poorly understood.
Within this context, an interesting taxon with many unresolved questions regarding patterns and
process of diversification is the Pristimantis orestes species complex which is distributed across
the Páramo landscape and montane forests in the eastern and western slopes of southern
Ecuador. In my thesis, I present a new molecular phylogeny for the P. orestes group based on
samples obtained from 62 localities in the south of Ecuador, including samples from type
localities of previously described species. First, I used morphological, behavioral,
biogeographical and molecular evidence to describe two new species and re-describe P. orestes
sensu stricto. Next, I used the molecular phylogeny to delimit candidate species in the group and
test for drivers of genetic and morphological diversification, leading to the identification of 13
previously described taxa and 28 undescribed species as part of the P. orestes group. I find
evidence that elevation and features of hand morphology are both linked to differentiation among
the two major clades in the P. orestes group. However, differentiation within these clades is not
explained by elevation or geographical distances, and elevation and hand morphology are not
correlated after controlling for phylogenetic relationships. Overall, my results suggest that
diversification within the clades is largely driven by vicariance processes, but that local
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adaptation to microhabitats driven by morphological variation in hand structures may also
contribute to speciation in this group.
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INTRODUCTION
Understanding how particular clades have evolved and diversified is a central problem in
evolutionary biology (Gregory 2008, Losos et al. 2013). The diversity of taxa that we see today
is the result of two general evolutionary processes: the origin of new lineages (i.e., speciation)
and subsequent evolutionary changes produced in those lineages (Wiens 2004, Torphe et al.
2010). Numerous studies have provided important conceptual frameworks for the modes in
which speciation can occur (Mayr 1942, Bush 1994, Ormond and Roberts 1997, Lynch and
Duellam 1997, Wiens 2004, Comes et al. 2008, Schulter 2009). However, the processes
contributing to speciation and divergence, and how general versus idiosyncratic those processes
tend to be, continue to be poorly understood for most taxonomic groups (Wiens 2004, Schulter
2009).
One of the most common causes of speciation is the accumulation of genetic and
functional differences following physical isolation, termed allopatry (Kadereit et al. 2004, Wiens
2004, Thorpe et al. 2010). In allopatric speciation, either through vicariance or long-distance
dispersal, the ancestral population is completely separated by a geographical barrier (Boucher et
al. 2016, Guayasamin et al. 2017). Allopatric modes of speciation have been extensively studied
in the context of islands (Thorpe et al. 2010), where allopatry plays an important role in early
stages of diversification and later radiation of groups such as reptiles (Glor et al. 2004, Lossos
and Ricklefs 2009). Similarly, in mountain regions, allopatry has been found to be the main
mode of speciation (Garcia et al. 2012). However, allopatry alone cannot explain the high
divergence produced across some continuously distributed taxa. When species are distributed
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continuously without evidence of past or current isolation, speciation events are hypothesized to
occur along ecological gradients in which the ancestral population colonizes a new habitat with
specific environmental constraints and gene flow becomes restricted between both populations
based on this habitat specialization, generating two independent lineages (Lynch and Duellman
1997, Schuter 2009, Guayasamin et al. 2017).
In tropical regions, several studies have found that the observed pattern of exceptionally
high rates of speciation are the result of high topographic heterogeneity (Moritz et al. 2000,
Kubota et al. 2004, Verboom et al. 2015, Yang et al. 2015). Specifically, in mountain regions
diversification is likely promoted to a great extent by allopatric vicariance, but we also see high
rates of speciation occurring along continuous elevational gradients (Guarnizo et al. 2009). This
may be especially true in regions such as the central Andes, where elevation determines the
transition between ecotones and the grasslands of the high elevation ecosystems of paramo are
replaced by shrubby vegetation and later by trees in the montane forest as elevation decreases
(Ramsay 1992). Disentangling these speciation processes in the Andes is therefore challenging
because genetic and phenotypic divergence in this region could be promoted by a combination of
these two mechanisms acting among and within clades. Moreover, the ecological differentiation
that we see in the Andes could be driven by vicariant processes, when two clades separated by
geographical barriers become elevationally differentiated as a product of the uplifting processes
that occured in the Andes during the Pleistocene (Guarnizo et al. 2009), or can reflect processes
of in-situ local adaptation (Caro et al. 2013). Thus, understanding the processes driving the
molecular and phenotypic diversification within clades and its ecological correlates is important
to explain the complex patterns of diversity in this species-rich region of the world.
2

In the Andes, the diversity of amphibians is the highest on earth (Hutter et al. 2017).
Among anurans, the superfamily Brachycephaloidea is a high diversity group containing over
1,000 direct-developing species (Padial et al. 2014). The group includes five families:
Brachycephalidae, Ceuthomantidae, Craugastoridae, Eleutherodactylidae, and Strabomantidae,
that together comprise 33% of all New world frog species and nearly 17% of all anuran species
worldwide (Frost, 2020). Within this taxon, the genus Pristimantis is by far the most diverse
(581 species; Frost 2020), and species in this genus are widely distributed in the Neotropics,
including the Andean region of Colombia, Ecuador and Perú (Hedges et al. 2008). Species of
Pristimantis continue to be described on a regular basis in the Andean region, reflecting the
extreme diversity of this clade (Navarrete et al. 2016, Paez and Ron, 2019).
Molecular genetic characterization combined with morphological characteristics have
been important tools for increasing our knowledge of Pristimantis evolution and taxonomy
(Heinicke et al. 2007, Hedges et al. 2008, Ortega-Andrade & Venegas 2012). However, the
patterns of diversification are far from fully resolved for this group. Furthermore, studies
addressing the evolutionary processes underlying speciation and diversification across
environmental gradients, particularly in high-elevation taxa in the Andes, are scarce.
Here, I use an integrative approach to understand the diversity and explore the
diversification of an endemic clade of terrestrial frogs within Pristimantis, using a large dataset
of specimens from numerous localities from the southern Andes of Ecuador. In chapter 1, I focus
on providing the first genetic delimitation and placement of putative members of the group and
provide a redescription of P. orestes sensu stricto and the description of two new species of
Pristimantis using an integrative taxonomic approach including molecular, morphological and
3

behavioral data. In addition, I also separate P. saturninoi into two genetically distinct species. In
chapter 2, I focus on generating the most comprehensive phylogeny of the P. orestes species
group using large scale sampling from 62 localities in southern Ecuador. I use a combination of
delimitation methods to define candidate species within the group and use data occurrence,
isolation by distance analysis and ancestral state reconstructions of elevation and morphological
traits to explore the contributions and correlates of elevation and geographical features in the
genetic and phenotypic diversification of the group.
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CHAPTER 1: GENETIC DELIMITATION OF PRISTIMANTIS
ORESTES (LYNCH 1979) AND P. SATURNINOI BRITO ET AL., 2017 AND
THE DESCRIPTION OF TWO NEW TERRESTRIAL FROGS FROM
THE PRISTIMANTIS ORESTES SPECIES GROUP (ANURA,
STRABOMANTIDAE).
*** this chapter was previously published in a peer-reviewed open access journal: Urgiles, V.L, Székely, P.,
Székely, D., Christodoulides, N., Sanchez-Nivicela, JC., Savage, AE, 2019: Genetic delimitation of Pristimantis
orestes (Lynch 1979) and P. saturninoi Brito et al., 2017 and the description of two new terrestrial frogs from
the Pristimantis orestes species group (Anura, Strabomantidae). ZooKeys 864: 111-146
Abstract

In the genus Pristimantis, species are often combined into taxonomic units called species groups.
The taxonomy of these groups is frequently inaccurate due to the absence of genetic data from
type series and repeated misidentifications generated by high morphological resemblance
between taxa. Here, we focus on the P. orestes species group, providing the first genetic
assessment of P. orestes sensu stricto from individuals collected from the type locality, with a
reviewed diagnosis and description of advertisement calls. We find that two lineages previously
named P. orestes are genetically distinct and should be separated into two different species.
Based on genetic and morphological data, we name one of these species P. cajanuma sp. nov.
This new species is morphologically distinct from other members of the group by having
shagreen dorsal skin, evident dorsolateral folds, broader discs on toes and fingers and pale gray
ventral coloration. Additionally, P. saturninoi is placed within the P. orestes species group based
on genetic data from its type series. However, we find that one of its paratypes is genetically
distinct and belongs to a clade containing a new species we name P. quintanai sp. nov. This new
species is morphologically distinguished by lacking a tympanic membrane and vocal sacs in
males, and by having expanded discs on toes and fingers, finely tuberculated dorsal skin and
5

irregular white or cream spots in the groin and concealed surfaces of thighs. Our findings
highlight the importance of providing genetic characterization and placement from the type
series in taxonomic challenging groups in Pristimantis.
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Introduction
Pristimantis is a species-rich genus of terrestrial frogs that inhabit Central and South America
(Hedges et al. 2008, Pinto-Sanchez et al. 2012). Although the genus is distributed broadly across
this area, most of the diversity is restricted to the Andean regions of Ecuador, Colombia and Peru
(Kieswetter and Schneider 2013). In Ecuador, 228 species of Pristimantis have been described to
date, which remarkably represent over 40% of the known amphibians in the country (Ron et al.
2019).
Due to the extraordinary diversity and taxonomic complexity of the genus, Pristimantis
species were grouped into phenetic taxonomic categories called species groups (Lynch and
Duellman 1997). These groups were delimited based on a handful of morphological
characteristics and resulted in the recognition of 11 species groups (Lynch and Duellman 1997).
Such classifications are imperfect because they do not account for genetic and intraspecific
variation or character plasticity within Pristimantis, yet they are useful in allowing us to
recognize potentially diagnostic aspects of the morphology and natural history of individual
species. The incorporation of molecular data in an increasing number of taxonomic analyses has
recovered some species groups within Pristimantis as monophyletic, such as the P. myersi
species group (Hedges et al. 2008). However, taxonomic resolution within most species groups
remains unclear (Padial et al. 2014, Guayasamin et al. 2018), particularly in those groups where
sufficient taxon sampling has not been accomplished and where molecular data from type series
of described species (holotypes or paratypes) is not available.
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Within this context, an interesting taxon that was recently recovered as a monophyletic
clade using molecular phylogenetics is the Pristimantis orestes species group (Brito et al. 2017).
When first proposed, the group included only three species from the south of Ecuador. As more
samples were analyzed, a total of 14 species from southern Ecuador and northern Peru were
suggested to be part of the group (Duellman and Lehr 2009). Only four of these species were
included in the comprehensive Terrarana systematic revision proposed by Hedges et al. (2008)
and in the later work of Padial et al. (2014). In both studies, the group was not recovered as
monophyletic. Recently, Brito et al. (2017) provided a phylogenetic analysis of the group
including a larger number of samples, and recovered monophyly but suggested that the P. orestes
species group is restricted to the south of Ecuador and includes P. andinognomus (Lehr &
Coloma, 2008), P. bambu (Arteaga & Guayasamin, 2011), P. mazar (Guayasamin & Arteaga,
2013), P. muranunka (Brito et al., 2017), P. orestes (Lynch, 1979) and P. simonbolivari (Wiens
& Coloma, 1992). In contrast, the Peruvian species P. melanogaster (Duellman & Pramuk, 1999)
and P. simonsii (Boulenger, 1900), which were previously placed in the P. orestes group by
Lynch and Duellman (1997), are members of different clades. Similar results were found by
Székely et al. (2018), with the inclusion of the newly described species P. tiktik (Székely et al.,
2018) within the P. orestes group.

While the analyses of Brito et al. (2017) and Székely et al. (2018) have increased our
knowledge of the phylogenetic relationships in the P. orestes group, these molecular analyses
have also identified polytomies generated by erroneous assignment of species to multiple
different clades due to morphological misidentifications and because good quality DNA samples
are unavailable from formalin-fixed type specimens (most notably, P. orestes). Thus, further
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genetic characterizations are essential to accurately delimit species within the P. orestes species
group. Molecular systematics is also necessary to accurately place those taxa that were suggested
to be part of the P. orestes group but were described using morphological data only, such as P.
saturninoi (Brito et al., 2017). Here, we present a novel exploration of the nuclear and
mitochondrial molecular diversification of the P. orestes species group using broad spatial
sampling across high elevation ecosystems in the southern Andes of Ecuador. Specifically, we
provide (1) a redescription and genetic delimitation of P. orestes sensu stricto, representing the
first genetic assessment of the species from its type locality, (2) a revised placement of P.
saturninoi, and (3) a description of two new species that are part of the P. orestes species group.
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Materials & Methods
Taxon sampling

Amphibians were collected under authorization from the Ecuadorian Environmental Ministry
(MAE): MAE-DNB-CM-2015-0016, MAE-DNB-CM-2016-0045 and MAE-DPC-AIC-B-2018003. All animal research was carried out under the University of Central Florida’s IACUC
protocol #18-16W and approved by the Ethics Committee of Universidad Técnica Particular de
Loja (UTPL-CBEA-2016-001). Specimens were euthanized with a solution of 2% lidocaine
following McDiarmid et al. (1994), fixed in 10% formalin, and preserved in 70% ethanol. Tissue
samples from liver were extracted and preserved in 96% ethanol. Geographic coordinates and
elevation were recorded with a GPS unit (WGS84 datum). Descriptions of the habitat where
specimens were collected and coloration patterns in life are based on the authors’ field notes and
photographs. Individuals collected in the province of Cañar were deposited at the Museo de
Zoología de la Universidad del Azuay (MZUA), Ecuador, whereas individuals collected in the
Loja Province were deposited in the Museo de Zoología, Universidad Técnica Particular de Loja
(MUTPL), Ecuador.
Because we aimed to provide a genetic delimitation of P. orestes sensu stricto, we
collected specimens from the type locality of P. orestes described in Lynch (1979) at 11 km NE
Urdaneta, Loja Province in Ecuador. We reviewed the morphological characteristics of the
collected specimens with the original descriptions and with the type specimens (holotypes and
paratypes) available in the Kansas Museum of Natural History (KU). We also included
individuals collected in Cajanuma, Loja Province, that were previously identified as P. orestes in
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earlier phylogenetic analyses. Finally, we included samples from the type series
of P. saturninoi as well as from individuals from three nearby localities in the province of Cañar
that shared similar morphological characteristics and where previously identified
as P. saturninoi.
DNA extraction, amplification and sequencing

Total DNA was extracted from liver tissue using DNeasy Blood & Tissue kits (Qiagen, Valencia,
California, USA) following the manufacturer’s protocol. We amplified two mitochondrial genes
(12S and 16S) and one nuclear gene (RAG-1). We obtained a 658 bp fragment of 12S using
forward primer 12L29 (5’-AAAGCRTAGCACTGAAAATGCTAAGA-3’) and reverse primer
12H46 (5’-GCTGCACYTTGACCTGACGT-3’) (Heinicke et al. 2007). To obtain a 1080 bp
fragment for 16S, we aligned the fragment obtained with forward primer 16L19 (5’AATACCTAACGAACTTAGCGATAGCTGGTT-3’) and reverse primer 16H36 (5’AAGCTCCAWAGGGTCTTCTCGTC-3’) (Heinicke et al. 2007), and the fragment obtained
with forward primer 16SC (5’-GTRGGCCTAAAAGCAGCCAC-3’) and reverse primer 16SbrH (5’-CCGGTCTGAACTCAGATCACGT-3’) (Darst and Cannatella 2004, Palumbi et al. 1991).
We also obtained a 654 bp fragment of RAG-1 using forward primer R182 (5’GCCATAACTGCTGGAGCATYAT-3’) and reverse primer R270 (5’AGYAGATGTTGCCTGGGTCTTC-3’) (Heinicke et al. 2007). PCR conditions follow those
specified by Heinicke et al. (2007) for 12S, RAG-1, and the 16S fragment obtained with primers
16L19 and 16H36. For the 16S fragment obtained with primers 16SC and 16SBR, we used PCR
conditions specified in Guayasamin et al. (2017). For the samples we could not amplify under
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these conditions, the annealing temperature was lowered to 49 °C. The final volume of each PCR
reaction was 20 μL and contained 2 μL of 10mM dNTP, 3.6 μL of OneTaq PCR buffer, 2 μL of
each primer (10 μM) and 0.3 μL of 1 U OneTaq Polymerase and 1μM of DNA. PCR
amplification products were cleaned using ExoSAP PCR Product Cleanup Reagent (Thermo
Fisher scientific) and Sanger sequenced in both directions by Eurofins Genomics (Kentucky,
USA).
Phylogenetic analysis and genetic distances

In addition to newly generated sequence data, we conducted BLAST searches to identify similar
sequences of 12S, 16S and RAG-1 in GenBank. The searches show most similarity with the
Pristimantis orestes species group: P. simonbolivari (identity 95%, accession number:
EF493671), P. mazar (identity 96%, accession number KY967664), P. orestes (identity 99%,
accession number EF493388), P. tiktik (identity 94%, accession number MH668274). Therefore,
we included all available sequences of the Pristimantis orestes species group available in
GenBank. To correctly place the P. orestes group within the broader Pristimantis phylogeny, we
included sequences from close congeneric clades based on the phylogeny proposed by Padial et
al. (2014) and defined Strabomantis biporcatus and Lynchius flavomaculatus as outgroups. A
summary of GenBank accession numbers, museum collection identifiers and localities are given
in Table 1.
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Table 1. Species of Pristimantis included in this analysis. For each specimen, we provide the
museum number, source, locality and GenBank accession number. (*) indicates the outgroup
taxa. Museum abbreviations are as follows: MZUA (Museo de Zoología -Universidad del Azuay,
Ecuador), MUTPL (Museo de Zoología, Universidad Técnica Particular de Loja, Ecuador),
MEPN (Museo de Historia Natural de la Escuela Politecnica Nacional, Ecuador), KU (Kansas
Museum of Natural History, USA), QCAZ (Museo de Zoología -Pontificia Universidad Católica
del Ecuador, Ecuador), DHMECN (Departamento de Herpetologia, Instituto Nacional de
Biodiversidad del Ecuador, Ecuador).

Species

P.
andinognomus

P. bambu

Museum
number

GenBank accession number
12S
16S
RAG–1

QCAZ45661

–

QCAZ45534

–

QCAZ46744

–

QCAZ46708

KY967671

KY967690

KY96768
8
KY96769
3

–

KY96766
9
KY96765
9
KY96767
3

MUTPL160

MK99333
3

MK60453
7

–

MUTPL157

MK99333
1

MK60453
5

–

MUTPL158

MK99333
2

MK60453
6

MK60218
4

–

P. cajanuma
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Locality
Ecuador: Zamora
Chinchipe,
Tapichalaca
Reserve
Ecuador: Loja,
Podocarpus
National Park,
guardianía
Cajanuma
Ecuador: Cañar,
Reserva Mazar
Ecuador: Cañar,
Reserva Mazar
Ecuador: Loja,
Cajanuma,
Podocarpus
National Park,
Los Miradores
Trail
Ecuador: Loja,
Cajanuma,
Podocarpus
National Park,
Los Miradores
Trail
Ecuador: Loja,
Cajanuma,
Podocarpus
National Park,
Los Miradores
Trail

Species

Museum
number

P. ceuthospilus

KU212216

P. chalceus

KU177638

P. cryophilius

KU217863

P. diadematus

KU221999

P. galdi

QCAZ32368

P. imitatrix

KU215476

P. mazar

QCAZ27559

QCAZ27572

P.
melanogaster

P. muranunka

MHNSM56846

MEPN14737

MEPN14722
KU218257
P. orestes

QCAZ45464

12S

GenBank accession number
16S
RAG–1

Locality

Peru: Cajamarca,
Chota, 12 km W
EF493520 EF493520 –
Llama
Ecuador: Carchi,
EF493675 EF493675 –
Maldonado
Ecuador: Azuay,
4 km W Laguna
EF493672 EF493672 –
Torcadorn
Peru: Loreto,
EU186668 EU186668 –
Teniente Lopez
Ecuador: Zamora
Chinchipe, El
EU186670 EU186670 EU186746 Pangui
Peru: Madre de
Dios, Cuzco
Amazonico, 15
km E Puerto
EF493824 EF493667 –
Maldonado
Ecuador: Cañar,
KY96766 KY96768 Reserva Mazar,
–
4
3
La Libertad
Ecuador: Cañar,
KY96766 KY96768 Reserva Mazar,
JF906315 6
5
La Libertad
Peru: Amazonas,
N. Slobe Abra
Barro Negro, 28
km SSW
EF493826 EF493664 –
Leimebambe
Ecuador: Zamora
KY96766 KY96768 Chinchipe, Cerro
–
1
0
Plateado
Ecuador: Zamora
KY96766 KY96767 Chinchipe, Cerro
–
0
9
Plateado
Ecuador: Azuay,
EF493388 EF493388 –
7 km E Sigsig
Ecuador: Loja,
Podocarpus
National Park,
guardianía
JF906323 –
–
Cajanuma
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Species

Museum
number

12S

GenBank accession number
16S
RAG–1

–
MK60218
5
MK60218
6

MUTPL249
MZUA.AN.248
8

–
MK60453
8
MK60453
9
MK60454
0
MK60454
5

QCAZ45556

–

KY96767
0

KY96768
9

KU177821

EF493352

EF493352

–

KU218025
MZUA.AN.174
8

EF493349
–

EF493349
MK60454
2

–
MK60218
7

MZUA.AN.188
1
MZUA.AN.187
8
MZUA.AN.270
5
MZUA.AN.190
0

MK99333
5
MK99333
4
MK99333
7
MK99333
6

MK60454
1
MK60454
3
MK60454
6
MK60454
4

MK60218
8

EF493674

EF493674

–

MK99332
9

MK60453
4

–

QCAZ45646

JF906324

MUTPL242
MUTPL248

P. parvillus

P.
phoxocephalus

P. quintanai

P. rhodoplichus KU219788
P. saturninoi

DHMECN
12237

MK99333
0

15

–
MK60219
0

–
MK60219
1
MK60218
9

Locality
Ecuador: Loja,
Podocarpus
National Park,
guardianía
Cajanuma
Ecuador, Loja, 11
km NE Urdaneta
Ecuador, Loja, 11
km NE Urdaneta
Ecuador, Loja, 11
km NE Urdaneta
Ecuador, Loja, 11
km NE Urdaneta
Ecuador: Loja,
Podocarpus
National Park,
Lagunas del
Compadre
Ecuador:
Pichincha
Ecuador:
Chimborazo, 70
km W Riobamba
via Pallatanga
Ecuador: Cañar,
Rivera
Ecuador: Cañar,
Comunidad
Guangras
Ecuador: Cañar,
Guangras
Ecuador: Cañar,
Llavircay
Ecuador: Cañar,
Llavircay
Peru: Piura, Le
Tambo
Ecuador:
Morona–
Santiago, Sangay
National Park

Species

Museum
number

DHMECN
12232

DHMECN
12214

P.
simonbolivari

QCAZ56567

KU218254

P. simonsii

KU212350

Pristimantis sp.

QCAZ56535

Pristimantis sp.

DHMECN3112

P. spinosus

KU218052

P. tiktik

MUTPL239
MUTPL247

P. unistrigatus

KU218057

Lynchius
flavomaculatus

KU218210*

12S

GenBank accession number
16S
RAG–1

Locality

Ecuador:
Morona–
MK99332 MK60453
Santiago, Sangay
7
3
–
National Park
Ecuador:
Morona–
MK99332 MK60453
Santiago, Sangay
8
2
–
National Park
Ecuador: Bolívar,
KY96767 KY96769 Bosque Protector
6
5
Cashca Totoras
Ecuador: Bolívar,
Bosque Protector
EF493671 EF493671 –
Cashca Totoras
Peru: Cajamarca,
S slope Abra
Quilsh, 28 km
EU186665 EU186665 –
NNW Cajamarca
Ecuador: Azuay,
KY96767 KY96769 Laguna
–
5
4
Patococha
Ecuador: Zamora
Chinchipe,
KY96765 KY96767 Reserva
–
8
7
Tapichalaca
Ecuador:
Morona–
Santiago, 10.6 km
W Plan de
EF493673 EF493673 –
Milogio
MH66827 MH66827 MH70857 Ecuador: Loja, 21
4
5
5
km E Urdaneta
MH66816 MH66827 MH70857 Ecuador: Loja, 14
1
6
6
km E Urdaneta
Ecuador:
Imbabura, 35 km
EF493387 EF493387 EF493444 E Pquela
Ecuador:
Morona–
Santiago,
EU186667 EU186667 EU186745 Yangana
16

Species

Strabomantis
biporcatus

Museum
number

CVULA7073*

12S

GenBank accession number
16S
RAG–1

Locality

Venezuela: Sucre,
Parque Nacional
de Paria, Les
Melenas,
Peninsula de
EU186691 EU186691 EU186754 Paria

Sequences were cleaned, assembled and aligned in GeneiousPro v. 9.1.6 (Biomatters Ltd.) using
the MAFFT algorithm (Katoh and Standley 2013). Manual posterior corrections of the alignment
were performed to remove unnecessary gaps and to adjust the correct reading frame in the RAG1 gene alignment. To detect possible alignment errors and significant incongruences, we first
constructed single-gene trees. A Maximum Likelihood (ML) phylogenetic analysis was
performed in IQ-TREE (Nguyen et al. 2015) with each individual gene alignment. Nodal support
was obtained after generating 1000 samples for ultrafast bootstrap. Next, we concatenated 12S,
16S and RAG-1 alignments into a single matrix to conduct phylogenetic analyses based on all
genes. We used PartitionFinder2 (Lanfear et al. 2016) under the corrected Bayesian information
criterion to find the best model of evolution. Molecular phylogenetic relationships with the
concatenated matrix were inferred using ML and Bayesian inference. ML analysis were
conducted in IQ-TREE in the CIPRES Science Gateway portal (Miller et al. 2010). Nodal
support was obtained after generating 1000 samples for ultrafast bootstrap. Bayesian inference
was conducted in MrBayes v.3.1.2 (Ronquist et al. 2012) under Markov chain Monte Carlo
sampling. We performed two independent runs of 50,000,000 generations and four chains
sampling every 100 generations. The first 100,000 generations were discarded as burn-in. To
visualize the generated samples from the Bayesian analysis and confirm that the posterior
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probability had reached a stationary local maximum, we used TRACER (Rambaut et al. 2014).
The average standard deviation of split frequencies was < 0.05 and effective sample size was >
2000 for all parameters. We compared genetic distance between clades and between each
individual sequence using uncorrected p distances for the 16S fragment in MEGA X (Kumar et
al. 2018).
Morphological analysis

The format of the description follows Lynch and Duellman (1997) and the format of the
diagnostic characters follows Duellman and Lehr (2009). Sex of each specimen was determined
via direct observation of secondary sexual traits (vocal slits and vocal sac) and gonadal
inspection through abdominal incisions. Morphometric variables are based on Watters et al.
(2016). We measured each variable three times using a digital caliper to the nearest 0.1 mm. We
present the average, maximal, and minimal values of each morphometric character.
Abbreviations for measurements are as follows: eye to nostril distance (EN), head length (HL),
head width (HW), interorbital distance (IOD), internarial distance (IND), snout vent length
(SVL), tibia length (TL), foot length (FL), tympanum diameter (TD), eye diameter (ED) and
upper eyelid width (EW).
For the species comparison we reviewed morphological characteristics, measurements
and coloration patterns of morphologically similar members of the P. orestes species group
(Lynch and Duellman 1997) and additional similar terrestrial frogs that occur in southern
Ecuador: P. andinognomus, P. bambu, P. mazar, P. orestes, P. vidua (Lynch,
1979), P. simonbolivari, P. tiktik and P. saturninoi. We based our comparisons on original
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descriptions of the species and via direct examination of type material available in the Kansas
Museum of Natural History (KU, USA), the Zoology Museum of the Catholic University of
Ecuador (QCAZ, ECU), Zoology Museum of Azuay University (MZUA, ECU), and the Instituto
Nacional de Biodiversidad del Ecuador (DHMECN, ECU). Reviewed specimens are listed in
Appendix A.
Call recording

The calls of four P. orestes sensu stricto males were recorded in the field in August 2016 using
an Olympus LS-11 Linear PCM Recorder and a RØDE NTG2 condenser shotgun microphone at
44.1 kHz sampling frequency and 16-bit resolution, in WAV file format (Appendix B). Air
temperature and humidity were measured with a data logger (Lascar Electronics, model ELUSB-2-LCD, accuracy: ± 0.5 °C; ± 5%). The original, analyzed call recordings are deposited in
full length in the Fonoteca UTPL (Appendix C). Acoustic analysis was conducted using Raven
Pro 1.4 (http://www.birds.cornell.edu/ raven). We measured the temporal parameters from the
oscillograms and the spectral parameters from spectrograms obtained through Hanning window
function, DFT: 512 samples, 3 dB filter bandwidth: 124 Hz, 50% overlap and 86.1 Hz frequency
resolution.
The terminology and procedures for measuring call parameters follow Cocroft and Ryan
(1995), Toledo et al. (2015) and Köhler et al. (2017) and a call-centered approach was used to
distinguish between a call and a note (sensu Köhler et al. 2017). The following temporal and
spectral parameters were measured and analyzed: (1) call duration: time from the beginning to
the end of a call; (2) inter-call interval: the interval between two consecutive calls, measured
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from the end of one call to the beginning of the consecutive call; (3) call rate: number of calls per
second, measured as the time between the beginning of the first call and the beginning of the last
call; (4) dominant frequency: the frequency containing the highest sound energy, measured along
the entire call; and (5) the 90% bandwidth, reported as frequency 5% and frequency 95%, or the
minimum and maximum frequencies, excluding the 5% below and above the total energy in the
selected call.
Results
Molecular systematics

Phylogenetic analyses were based on newly generated sequences from 16 individuals. The final
dataset (46 terminals) including the three concatenated gene fragments consisted of 2393 bp,
including 658 bp of 12S, 1080 bp of 16S and 654 bp of RAG-1. We recovered some minor
differences between the RAG-1 single-gene tree and our concatenated tree, but only for very
poorly supported nodes (Appendix D). The best partition scheme included four subsets. The first
partition subset included the 12S sequences and the best substitution model was GTR+G, and the
second partition subset included 16S sequences and the best substitution model was GTR+I+G.
The subset for RAG-1 was partitioned according to codon positions. Subset three included RAG1 1st and 2nd codon positions and the best substitution model was GTR+G. Subset four included
RAG-1 3rd codon positions and the best substitution model was HKY+I. We found no conflict
between topologies recovered with Bayesian inference and those inferred with ML (Appendix
E).We recovered the P. orestes species group as monophyletic with strong support (bootstrap
values [bb] = 100%; posterior probabilities [pp] = 100) in both ML and Bayesian analysis (Fig.
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1). Our analysis also recovered P. orestes sensu stricto as a well-supported clade (bb = 100%; pp
= 1) that includes four individuals from the type locality, Urdaneta (MUTPL 248, MUTPL 242,
MUTPL 249, MZUA.AN.2488) and one individual from Sigsig (KU 18257). The P. orestes
sensu stricto clade is the sister species of an as-yet undescribed Pristimantis from Lagunas del
Compadre (QCAZ 45556). Pristimantis saturninoi and the two new species, P. cajanuma sp.
nov. and P. quintanai sp. nov., were recovered within the P. orestes species group. Pristimantis
cajanuma sp. nov. is the sister species of P. andinognomus, and P. quintanai sp. nov. is the sister
species of the clade containing P. simonbolivari, P. tiktik, and the clade that contains P. mazar,
P. bambu, two undescribed species of Pristimantis, and P. saturninoi (DHMECN 12232,
DHMECN 12214). However, one of the paratypes of P. saturninoi (DHMECN 12237) is
genetically distinct from the other P. saturninoi specimens DHMECN 12232 and DHMECN
12214 (genetic distance = 6%; Table 1) and is placed as the sister species of P. quintanai sp. nov.
(genetic distance to P. quintanai = 2.3%).
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Figure 1 . Bayesian phylogeny of the Pristimantis orestes species group based on 2393 base
pairs of concatenated DNA from 12S, 16S, and RAG -1 gene fragments. Bayesian posterior
probability support values are shown for each node, except when they are less than 0.70. Bolded
names represent new sequences obtained in this study. Colored bars represent the following
species: P. cajanuma sp. nov. (yellow), P. orestes (dark red), P. saturninoi (blue) and P.
quintanai sp. nov. (green). We rooted the tree with Lynchius flavomaculatus and Straboman tis
biporcatus. Names in gray represent closely related clades of the Pristimantis orestes species
group based on the phylogeny of Padial et al. (2014). Photographs of the new species P.
cajanuma and P. quintanai are shown.

The genetic distance between P. cajanuma and its sister species P. andinognomus is 6% and the
genetic distance between P. orestes (Urdaneta + Sigsig) and the specimen QCAZ 45556 from
Lagunas del Compadre is 7% (Table 2). The genetic distances between P. saturninoi (the clade
including individuals DHMECN 12232 and DHMECN 123214) and P. mazar and P. bambu are
3% and 6%, respectively (Table 2).
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Table 2. Genetic uncorrected pairwise distances (%) among clades of the Pristimantis orestes species group. Numbers at the
top of the table correspond to the first column. The number of individuals for each comparison is shown above the diagonal.
Bold numbers correspond to intraspecific genetic distances.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

1. P. tiktik

-0.01

N=5

N=4

N=3

N=7

N=7

N=4

N=4

N=5

N=4

N=3

N=2

N=4

N=3

2. P. cajanuma sp. nov.

0.06

0

N=5

N=4

N=8

N=8

N=5

N=5

N=6

N=5

N=4

N=4

N=5

N=4

3. P. saturninoi

0.05

0.06

0

N=3

N=7

N=7

N=4

N=4

N=5

N=4

N=3

N=3

N=4

N=3

4. P. sp. (Sangay)

0.06

0.06

0.06

–

N=6

N=6

N=3

N=3

N=4

N=3

N=2

N=2

N=3

N=2

5. P. quintanai sp. nov.

0.05

0.07

0.05

0.02

0

N = 10

N=7

N=7

N=8

N=7

N=6

N=6

N=7

N=6

6. P. orestes

0.07

0.06

0.07

0.07

0.07

-0.01

N=7

N=7

N=8

N=7

N=6

N=6

N=7

N=6

7. P. simonbolivari

0.05

0.06

0.05

0.05

0.05

0.07

-0.02

N=4

N=5

N=4

N=3

N=3

N=4

N=3

8. P. andinognomus

0.07

0.06

0.07

0.08

0.08

0.07

0.07

-0.02

N=5

N=4

N=3

N=3

N=4

N=3

9. P. bambu

0.06

0.08

0.06

0.07

0.08

0.09

0.07

0.08

0

N=5

N=4

N=4

N=5

N=4

10. P. mazar

0.06

0.07

0.03

0.06

0.06

0.08

0.05

0.07

0.05

-0.01

N=3

N=3

N=4

N=3

11. P. sp. (Patococha)

0.05

0.06

0.04

0.07

0.07

0.08

0.05

0.07

0.05

0.02

–

N=2

N=3

N=2

12. P. sp. (Lagunas del

0.05

0.05

0.07

0.07

0.07

0.07

0.05

0.06

0.06

0.05

0.06

–

N=2

N=2

13. P. muranunka

0.08

0.09

0.1

0.1

0.11

0.1

0.09

0.1

0.09

0.09

0.09

0.1

0

N=3

14. P. sp. (Tapichalaca)

0.08

0.09

0.1

0.09

0.1

0.1

0.08

0.09

0.09

0.09

0.09

0.09

0.07

–

Compadre)
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Taxonomy: Pristimantis orestes

Type material: Holotype. KU141998, an adult female, obtained 11 km NE Urdaneta, Provincia
Loja, Ecuador, 2970 m, 24 July 1971 by William E. Duellman and Bruce MacBryde.
Paratypes. KU141999–KU142003, collected syntopically with the holotype.
Diagnosis
Pristimantis orestes (Figure 1) is a small species distinguished by the following combination of
traits: (1) skin on dorsum finely tuberculated (in life the skin tuberculated texture is more
evident); evident dorsolateral folds absent but sometimes a continuous row of pustules is present;
low middorsal fold present; skin on venter areolate; discoidal fold weak, more evident
posteriorly; (2) tympanic membrane absent but tympanic annulus evident, its length about 45%
of the length of eye; supratympanic fold present; (3) snout short, subacuminate in dorsal view,
rounded in profile; canthus rostralis weakly concave in dorsal view, rounded in profile; (4) upper
eyelid bearing several small tubercles, similar in size and shape with the ones from the dorsum,
about 90% IOD in females and 60% IOD in males; cranial crests absent; (5) dentigerous
processes of vomers prominent, oblique, slightly ovoid, separated medially by distance lower
than width of processes; each processes bearing 3 to 6 teeth; (6) males with a subgular vocal sac
and small vocal slits; nuptial pads absent; (7) Finger I shorter than Finger II; discs on fingers just
slightly expanded, rounded; circumferential grooves present; (8) fingers lacking lateral fringes;
subarticular tubercles prominent; supernumerary palmar tubercles present, smaller than
subarticular tubercles; palmar tubercle completely divided into a larger (inner) and a smaller
(outer) tubercles; thenar tubercle oval, smaller than the inner palmar tubercle; (9) small,
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inconspicuous, ulnar tubercles present (trait more visible in life); (10) heel with small tubercles;
outer edge of tarsus with a row of small tubercles; inner tarsal tubercles coalesced into a short
tarsal fold (traits more visible in life); (11) inner metatarsal tubercle broadly ovoid, about 2×
ovoid, subconical (in profile), outer metatarsal tubercle; supernumerary plantar tubercles present;
(12) toes lacking lateral fringes; webbing basal; Toe V slightly longer than Toe III; discs on toes
just slightly expanded, rounded, about same size as those on fingers; circumferential grooves
present; (13) in life, dorsum varies from gray, copper-brown and brown; venter gray to pale
brown spotted with cream and/or brown; groin, anterior and posterior surfaces of thigh,
concealed shank and axillae are dark brown or black enclosing large white spots; iris whitish
gray, with a reddish broad median horizontal streak, and with fine black reticulations; (14) SVL
22.4–23.7 mm in adult females (N = 2) and 16.5–22.3 mm in adult males (20.1 ± 2.16 SD, N =
5).
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Table 3. Measurements (in mm) of adult males and females of Pristimantis orestes collected
from Urdaneta. The mean and standard deviation (SD) of each morphological character are
shown for males (n=5) but not females due to sample size (n=1).

MZUA MZUA MZUA MUTPL MUTPL MUTPL
2488
2493
2497
242
248
249
♀
♂
♂
♂
♂
♂
SVL

22.4

20.0

16.5

20.7

20.8

22.3

EN

2.2

1.7

1.5

1.7

1.7

1.8

TD

1.5

0.9

0.8

1.2

1.3

1.4

ED

2.5

2.3

2.0

2.4

2.4

2.5

EW

1.8

1.8

1.4

1.6

1.8

2.0

IOD

3.1

2.4

2.2

2.9

2.9

3.1

IND

1.8

1.8

1.4

1.9

1.6

2.1

HL

6.7

5.5

6.1

7.4

7.4

7.6

HW

6.5

8.3

6.8

7.7

7.5

7.9

TL

9.2

9.0

8.2

9.0

9.0

9.4

FL

8.2

8.3

7.8

8.7

8.7

8.9

Mean±SD
(range)
♂
20.1±2.2
(16.5–22.3)
1.7±0.1
(1.5–1.8)
1.1±0.3
(0.7–1.4)
2.3±0.2
(2.0–2.5)
1.7±0.2
(1.4–2.0)
2.7±0.4
(2.2–3.1)
1.8±0.3
(1.4–2.1)
6.8±0.9
(5.5–7.6)
7.6±0.6
(6.8–8.3)
8.9±0.4
(8.2–9.4)
8.5±0.4
(7.8–8.9)

Variation
Morphometric variation is shown in Table 3. In one male (MZUA.AN.2497) the discoidal fold is
more visible but the ulnar tubercles are barely distinguishable both in life and in preservative. In
one female (MZUA.AN.2493) a vague dorsolateral fold (formed by a continuous row of
pustules) is present in the anterior half of dorsum and the middorsal fold is not distinguishable; in
this same individual the ulnar tubercles are more notorious than in the other preserved
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specimens. In a female (MZUA.AN.2497), the dorsum and dorsal surfaces of limbs display a
brownish-green coloration; the flanks and lips are dark brown with irregular cream blotches. One
male (MZUA.AN.2488) presents orange spots over a brown background in the dorsum, flanks
and limbs and a continuous orange blotch in the groin and anterior surfaces of thighs (Fig. 2).

Figure 2. Pristimantis orestes variation in life. A MZUA.AN.2488, profile and ventral
view B MZUA.AN.2493, profile view C MZUA.AN.2497, profile and ve ntral view.

Advertisement call
Two of the analyzed recordings (FUTPL-A-130 and FUTPL-A-131) are from the same
unvouchered male. Pristimantis orestes has an advertisement call characterized by a call series
composed by clicking calls repeated for long periods of time (Fig. 3). Because the males can call
continuously for long periods of time, the call series duration is unknown. The calls are
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characterized by a duration of (range and mean ± SD in parenthesis): 0.008–0.013 s (0.011 ±
0.0009, N = 190), an inter-call interval of 0.705–3.824 s (1.680 ± 0.650, N = 185) and a call rate
of 0.50–0.73 calls/s (0.58 ± 0.110, N = 4). The 90% bandwidth ranged from 2325.6–2756.2 Hz
(2605.7 ± 88.555, N = 190) to 2756.2–3186.9 Hz (2989.2 ± 115.100, N = 190), with the
dominant frequency being at 2670.1–2928.5 Hz (2773.5 ± 77.359, N = 190). The fundamental
frequency is not recognizable, but 2 to 3 harmonics are sometimes visible. Three of the four
recorded males increased the call rate at the end of their calls (Fig. 3), intensifying the call
emissions in the last 20–30 seconds. The call rate increased, and the inter-call interval decreased
from 0.35–0.63 calls/s (0.47 ± 0.145, N = 3) to 0.70–1.06 calls/s (0.88 ± 0.177, N = 3),
respectively, and from 1.063–3.824 s (2.111 ± 0.672, N = 64) to 0.705–2.087 s (1.253 ±
0.401, N = 88).
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Figure 3. Advertisement call of Pristimantis orestes. A. Oscillogram of a 12 notes section of the
call; B. Oscillogram of a single note; C. Spectogram of a singl e note; D. Power spectrum of a
single note.

29

Distribution
Lynch (1979) states that this species occurs on the eastern Andean Cordillera from the Cuenca
hoya to the Loja hoya in southern Ecuador. However, we suggest that this distribution might be
inaccurate and needs to be reviewed, as many of the records are probably erroneous belonging to
very similar, but in fact different species. For example, additional localities previously reported
by Lynch (1979) from the Loja Province include Saraguro, but this record is likely erroneous,
and refers to observations of an undescribed, very similar species. Guayasamin and Arteaga
(2013) also reported P. orestes from Susudel in the Azuay province (MZUTI 706), but this
record needs to be reviewed via molecular and morphological analysis to confirm identity of this
specimens. Thus, we recommend limiting the distribution of P. orestes to the confirmed
localities in Urdaneta and in Sigsig, in an elevational range between 2940 to 3100 m (Fig. 4).

Figure 4. Map of southern Ecuador showing recording localities
of Pristimantis saturninoi, P. quintanai sp. nov., P. orestes, and P. cajanuma sp. nov.
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Natural history
We found all the specimens in a pastureland in a subpáramo habitat. Specimens were
encountered at night on grassy vegetation (usually at 10–20 cm above the ground) near the road.
Calling males were encountered between May and August. The only sympatric frog species
registered was Gastrotheca pseustes.
Conservation status
Pristimantis orestes is categorized as endangered based on criteria B1b(iii) (IUCN 2018). We
suggest maintaining this category because the species i) has only been found in two localities,
and ii) its natural habitat (páramo and subpáramo) has been heavily damaged and fragmented by
grazing, fires and roads. Also, in its type locality, P. orestes is not locally abundant, only few
individuals were registered at every visit to the population. However, additional information is
needed to evaluate population trends and to assess the presence and impact of pathogenic
infections in this species.
Remarks
Lynch (1979) provides an accurate and detailed description of this species, including a brief
description of the cranial osteology. Our diagnosis concurs with all the morphological features
described by the author, but we also focus on characters that were not detailed in the original
description but that are useful to distinguish P. orestes from other similar species (e.g., condition
of discoidal fold and nuptial pads in males). The only significant difference is that the outer
tarsal tubercles are not prominent, and we consider the color of the iris to be whitish gray instead
of gray-bronze (Fig. 2). The diagnosis provided herein is based on four specimens from the
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original description (KU 141998, 141999, 142000, 142002): one adult female (MZUA.AN.2488)
and five adult males (MUTPL 242, 248, 249 and MZUA.AN.2493, 2497) collected from the type
locality.
Taxonomy: Pristimantis cajanuma sp.nov

Figure 5. Holotype of Pristimantis cajanuma sp. n. in life. A. Dorsolateral view. B. Ventral
view.

Type material: Holotype: MUTPL 346 (Figs 5–7), field no. SC 159, adult female from Ecuador,
Loja Province, Loja canton, Cajanuma entrance to the Podocarpus National Park, on Los
Miradores trail (4.1176S, 79.1663W; datum WGS84), 3022 m above sea level, collected by
Diana Székely and Paul Székely on 28 June 2018.
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Figure 6. Holotype of Pristimantis cajanuma sp. n. in preservative, adult female MUTPL 346:
A. dorsal view B. ventral view C. lateral view

Paratypes (Fig. 8): 16 specimens collected in the type locality: MUTPL 343 (SC 156) an adult
female and MUTPL 344 (SC 157) a juvenile (4.1170S, 79.1668W; datum WGS84), 2974 m,
MUTPL 345 (SC 158) a juvenile (4.1176S, 79.1663W; datum WGS84), 3022 m, MUTPL 347
(SC 160) an adult female and MUTPL 353 (SC 166) a subadult male (4.1177S, 79.1658W;
datum WGS84), 3042 m, and MUTPL 352 (SC 165) a subadult male and MUTPL 355 (SC 168)
an adult male (4.1177S, 79.1647W; datum WGS84), 3098 m collected by Diana Székely and
Paul Székely on 28 June 2018; MUTPL 573 (SC 331) a subadult female (4.1166S, 79.1691W;
datum WGS84), 2890 m collected by Diana Székely and Paul Székely on 09 December 2018;
MUTPL 583 (SC 903) an adult female and MUTPL 584 (SC 904) a subadult female (4.1167S,
79.1690W; datum WGS84), 2883, MUTPL 588 (SC 908) and MUTPL 592 (SC 912) two
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juveniles, MUTPL 589 (SC 909) and MUTPL 591 (SC 911) two subadult females, and MUTPL
593 (SC 913) and MUTPL 594 (SC 914) two adult males (4.1169S, 79.1666W; datum WGS84),
2984 m collected by Diana Székely and Paul Székely on 05 January 2019.

Figure 7. Holotype of Pristimantis cajanuma sp. nov. in preservative, adult female MUTPL
346: A dorsal view of head B profile view of head C palmar surfaces D plantar surfaces.

Diagnosis
Pristimantis cajanuma is a small species distinguished by the following combination of traits: (1)
skin on dorsum shagreen; skin on venter areolate (trait more visible in life); discoidal fold weak;
dorsolateral folds present; low middorsal fold present; (2) tympanic membrane absent but
tympanic annulus evident, its length about 45% of the length of eye; supratympanic fold present;
(3) snout short, subacuminate in dorsal view, rounded in profile; canthus rostralis concave in
dorsal view, angular in profile; (4) upper eyelid bearing several small tubercles, about 60% IOD
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in females and 65% IOD in males; cranial crests absent; (5) dentigerous processes of vomers
prominent, triangular, without space between the processes; each processes bearing 4 to 7 teeth;
(6) males with subgular vocal sac and vocal slits; nuptial pads absent; (7) Finger I shorter than
Finger II; discs on fingers expanded, rounded; circumferential grooves present; (8) fingers
lacking lateral fringes; subarticular tubercles prominent; supernumerary palmar tubercles present,
rounded, smaller than subarticular tubercles; palmar tubercle bifurcated (partially divided
distally); thenar tubercle oval; (9) small, inconspicuous, ulnar tubercles present (trait more
visible in life); (10) heel with small tubercles; outer edge of tarsus with a row of small tubercles;
inner tarsal tubercles coalesced into a short tarsal fold; (11) inner metatarsal tubercle broadly
ovoid, about 2× round, subconical (in profile) outer metatarsal tubercle; supernumerary plantar
tubercles present; (12) toes lacking lateral fringes; webbing basal; Toe V slightly longer than Toe
III; discs on toes expanded, rounded, about same size as those on fingers; circumferential
grooves present; (13) in life, dorsum of various shades of brown, gray or sometimes green, with
or without darker bands or bars; flanks various shades of brown or gray, usually lighter than the
dorsum coloration; venter light gray with or without dark flecks; groin, anterior and posterior
surfaces of thighs, concealed shanks and axillae are black enclosing large white spots; iris bronze
with a reddish broad median horizontal streak, and with fine black reticulations; SVL 17.6–22.1
mm in adult females (19.8 ± 1.81 SD, N = 8) and 14.4–16.4 mm in adult males (15.4 ± 0.83
SD, N = 5).
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Figure 8. Color variation of Pristimantis cajanuma sp. nov. in life. A–E females: A MUTPL
343 B MUTPL 591 C MUTPL 347 D MUTPL 583 E MUTPL 584; F–H juveniles: F MUTPL
345 G MUTPL 588 H MUTPL 592 I–L males: I MUTPL 353 J MUTPL 352 K MUTPL
355 L MUTPL 594.

Comparison with similar species
Pristimantis cajanuma is morphologically similar to its closest relatives, the species from the
recently redefined P. orestes group (sensu Brito et al. 2017), but its characteristic morphological
features readily distinguish it from all resembling species. Pristimantis cajanuma is most similar
to P. orestes sensu stricto but can be easily distinguished by having evident dorsolateral folds
(absent in P. orestes), a shagreen skin on dorsum (finely tuberculated in P. orestes), broader
discs on the fingers and toes (e.g. width of disc on Finger III in P. cajanuma: 0.8–1 mm, N = 3;
in P. orestes: 0.6–0.7 mm, N = 3), palmar tubercle bifurcated, only partially divided distally
(completely divided into a larger and a smaller tubercle in P. orestes) and by the more
widespread black coloration in the groin and concealed shanks (Fig. 9). Its sister
species, P. andinognomus is significantly smaller (females up to 17 mm, males up to 14
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mm; Lehr and Coloma 2008), has the Toe V much longer than Toe III (Toe V slightly longer
than Toe III in P. cajanuma) and lacks the typical black enclosing large white spots coloration of
the groin, anterior and posterior surfaces of thighs, concealed shanks and axillae of P. cajanuma.

Figure 9. Morphological differences between Pristimantis orestes sensu stricto (A, C, E)
and P. cajanuma sp. nov. (B, D, F): whitish gray iris (A) vs. bronze iris (B) dorsolateral folds
absent (C) vs. dorsolateral folds present (D); and limited black coloration in the groin and
concealed surfaces of shanks (E) vs. widespread black coloration (F).
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Pristimantis simonbolivari has a similar coloration of the groin, anterior and posterior surfaces of
thighs, concealed shanks and axillae but lacks the evident dorsolateral folds (present in P.
cajanuma) and its venter coloration is darker, orange or brown (light grey in P. cajanuma).
Pristimantis saturninoi and P. quintanai sp. nov. also have similar coloration of the groin, thighs
and shanks but P. saturninoi has a blackish venter (venter light grey in P. cajanuma) and green
iris (bronze in P. cajanuma). Pristimantis quintanai sp. n. is different by having a finely
tubercular dorsum skin (shagreen in P. cajanuma), and by having a black, reddish-brown or
reddish-cream venter coloration.
All other species of the P. orestes group (sensu Brito et al. 2017) lack the typical
coloration of the groin, thighs, shanks and axillae of P. cajanuma: Pristimantis bambu has large
yellow spots; P. mazar has a reticulated pattern, P. tiktik presents a black reticulum in the
females and whitish/pinkish yellow coloration in the males and P. muranunka shows a brown or
dark brown uniform coloration.
Description of holotype
Adult female (MUTPL 346) (Figs 5–7) with head narrower than body, wider than long, HL 92%
of HW, HW 36% of SVL; HL 33% of SVL; snout short (snout to eye distance 16% of SVL),
subacuminate in dorsal view, rounded in profile (Fig. 7A, B); canthus rostralis concave in dorsal
view, angular in profile; loreal region flat; ED notably greater than eye-nostril distance; nostrils
not protuberant; lips not flared; cranial crests absent; upper eyelid bearing several small tubercles
(one slightly larger than the others), width of upper eyelid 64% of IOD; half of tympanic annulus
evident (Fig. 7B), oval (slightly higher than wider), its upper and posterodorsal part obscured by
rounded supratympanic fold; tympanic membrane absent; diameter of tympanum 52% of the
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length of eye; postrictal tubercles are fused and form a short ridge situated posteroventrally to
tympanic annulus; choanae small, round, partially concealed by palatal shelf of maxillary arch;
dentigerous processes of vomers prominent, triangular in outline, much larger than the choanae,
without space between the processes, each bearing 4 or 5 teeth; tongue 1.5× as long as wide,
slightly notched posteriorly, posterior half not adherent to floor of mouth. Skin on dorsum
shagreen, that on flanks is finely tuberculated; thin, low middorsal fold starting at tip of snout
and ending at cloaca; long, continuous dorsolateral folds present (Fig. 6A); skin of throat
shagreen, that on chest and belly areolate; discoidal fold weak, barely visible (Fig. 6B);
ornamentation in cloacal region absent.
Ulnar tubercles small, inconspicuous (trait more visible in life); outer palmar tubercle
inconspicuous, bifurcated (partially divided distally); thenar tubercle oval; subarticular tubercles
prominent, round and subconical in section; supernumerary palmar tubercles rounded, smaller
than subarticular tubercles; fingers lacking lateral fringes; Finger I shorter than Finger II; discs
on fingers expanded, rounded; all fingers bearing pads well defined by circumferential grooves
(Fig. 7C). Hindlimbs short; TL 50% of SVL; FL 47% of SVL; heel with small tubercles (one
slightly larger than the others); outer edge of tarsus with a row of small tubercles (trait more
visible in life); inner edge of tarsus bearing a short fold; inner metatarsal tubercle broadly ovoid,
about 2× round and subconical (in profile) outer metatarsal tubercle; subarticular tubercles
prominent, round and subconical in section; plantar supernumerary tubercles rounded, smaller
than subarticular tubercles; toes lacking lateral fringes; webbing basal; discs on toes expanded,
rounded, about same size as those on fingers; toes with ventral pads well defined by
circumferential grooves; relative length of toes I <II < III < V < IV; Toe V slightly longer than
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Toe III (tip of Toe III not reaching the penultimate subarticular tubercle on Toe IV, tip of Toe V
not reaching the proximal edge of distal subarticular tubercle on Toe IV) (Fig. 7D).

Measurements of holotype
SVL 20.6; HW 7.5; HL 6.9; IOD 2.4; internarial distance 1.7; upper EW 1.5; ED 2.3; eye-nostril
distance 1.8; snout to eye distance 3.2; TD 1.2; TL 10.2; FL 9.7.
Body mass of holotype: 1.01 g.

Coloration of holotype
In life (Fig. 5), the dorsum is brown with dark mottling and with the dorsolateral folds blackishdark brown. Flanks grayish-brown with white flecks. Dorsal surfaces of hindlimbs and arms the
same color as the dorsum but with dark brown transverse bars. The head bears blackish-dark
brown canthal, labial and supratympanic stripes. The throat is whitish gray and the venter is
brownish-gray with white flecks. Groin, anterior and posterior surfaces of thighs, concealed
shanks and axillae are black enclosing large white spots. The dorsal and ventral surfaces of the
hands and feet are reddish-orange. The iris is bronze with a reddish broad median, horizontal
streak, and with fine black reticulations. In preservative (Figs 6, 7), the dorsum is brownish gray
and the flanks whitish gray with white flecks. All the blackish-dark brown coloration of the
dorsolateral folds, canthal, labial and supratympanic stripes in life became dark gray in
preservative. Also, the black enclosing the large white spots of the groin, anterior and posterior

40

surfaces of thighs, concealed shanks and axillae in life turned to dark gray in preservative. The
dorsal and ventral surfaces of the hands and feet are whitish gray.
Variation
Morphometric variation is shown in Table 4. The dorsolateral folds were fragmented in some of
the specimens (Figs 8E, G, I, 9B) and thus not so evident, but all encountered individuals
(probably more than 50) had dorsolateral folds. Pristimantis cajanuma displays a considerable
variation in the dorsal coloration (Figure 8). We encountered individuals with a general gray
(Fig. 8A, E, F, I, K), light brown (Fig. 8G), dark brown (Fig. 8D, L), light brown with a dark
brown middorsal band (Fig. 8B, H) and even green (Fig. 8C, J) coloration. Some of the
individuals had chevrons on the dorsum (Fig. 8E) and/or dark transverse bars on the flanks and
limbs (Fig. 8E, I, J), white or yellowish dorsolateral folds (Fig. 8A, C, J), white middorsal fold
(Fig. 8I) and even completely whitish-yellow head (Fig. 8K). As for the sexual dimorphism,
besides the size difference (the males are significantly smaller), the only identified coloration
difference is that the males are lacking the characteristic large white spots enclosed by black of
the groin, anterior and posterior surfaces of thighs, concealed shanks and axillae. From the
encountered individuals, only the specimen MUTPL 353 had a similar coloration of the groin,
but significantly fainter. The dorsolateral folds are already visible in the juveniles (Fig. 8F, G,
H), but the large white spots enclosed by black in the groin, anterior and posterior surfaces of
thighs, concealed shanks and axillae are not so conspicuous and probably become darker and
more evident as the animals mature. The identity of all the specimens was confirmed molecularly
using the 16S mitochondrial gene.
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Table 4. Measurements (in mm) of adult males and females of Pristimantis cajanuma sp. nov.
Mean and standard deviation (SD) values of each morphological character are shown for
females (N = 8) and males (N = 5). Abbreviations of the morphometric measuremen ts are
presented in Materials and methods.

Etymology
The specific epithet cajanuma (in Quechua language “cajan” means cold and “uma” peak, or
head, in other words the cold peak, referring to the cold climate of the area) is used as a noun in
apposition and refers to the region where the species is found. Cajanuma is the highest entrance
to the Podocarpus National Park, which is one of the largest and most diverse protected area
from Ecuador. By naming this species cajanuma we also want to honor and recognize the
Podocarpus National Park rangers for their extraordinary and tireless work protecting this
incredible reserve.
Distribution and natural history
Pristimantis cajanuma is known only from the Cajanuma entrance to the Podocarpus National
Park, in an altitudinal range between 2882 and 3097 m a.s.l. in a Mountain Cloud Forest
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ecosystem. All specimens were encountered during the night, perching on the vegetation (usually
at 10–40 cm above the ground), near the Los Miradores trail. No calling males were encountered.
Other sympatric frog species include Pristimantis andinognomus, P. vidua and an undescribed
species of Pristimantis.
Conservation status
Even though Pristimantis cajanuma is currently known only from the type locality in the
Podocarpus National Park, we recommend that this species to be categorized as Near Threatened
following the IUCN criteria. This is due the fact that the species is locally abundant, and its
habitat does not face any major threats (because it is situated within a national protected area).
However, at present its distribution is limited to only one locality, therefore there is some level of
threat.
Taxonomy: Pristimantis quintanai sp. nov.

Type material: Holotype. MZUA.AN.1881 (Figs 10–12), an adult female collected in Guangras,
Rivera perish, Azogues canton, Cañar Province, Ecuador (2.4826S, 78.6019W; datum WGS84),
2527 m above sea level, by Juan C. Sanchez-Nivicela, Amanda Quezada Bruno Timbe and
Jhonny Cedeño.
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Figure 10. Holotype of Pristimantis quintanai sp. nov. in life.

Paratypes. Two males MZUA.AN.1880, MZUA.AN.1900, three females MZUA.AN.1873,
MZUA.AN.1885, MZUA.AN.1874 and a subadult female MZUA.AN.1890 collected with the
holotype. Two females MZUA.AN.1746, MZUA.AN.1748 and a subadult female
MZUA.AN.1747 collected from Rivera, Rivera perish, Azogues canton, Cañar Province,
Ecuador (2.5459S, 78.6303W; datum WGS84), 2699 m by Juan C. Sanchez-Nivicela, Eduardo
Toral and Veronica L. Urgiles and a female MZUA.AN.2705 collected from Llavircay Rivera
perish, Azogues canton, Cañar Province, Ecuador (2.5637S, 78.5957W; datum WGS84), 2830 m
by Amanda Quezada and Jhonny Cedeño.
Diagnosis
Pristimantis quintanai is a small species characterized by: (1) skin of dorsum finely tuberculated
with low and rounded tubercles that vary in size (character more noticeable in life), notorious
dermal crests, elevated; skin on venter coarsely areolate, dorsolateral folds present, low,
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middorsal fold low, discoidal fold barely noticeable; low sinusoidal scapular fold; (2) tympanic
membrane indistinct, tympanic annulus differentiated, visible, rounded (57% of ED), postrictal
tubercles present; (3) short snout, slightly subacuminate in dorsal view, rounded in profile,
canthus rostralis concave; (4) upper eyelid with one or two rounded tubercles and with several
low ones, cranial crest absent; (5) dentigerous processes of vomer oblique, with one to two teeth,
rounded choana; (6) males have small vocal slits but lack vocal sac and nuptial pads; (7) Finger I
shorter than Finger II, discs rounded, with dilated pads in all fingers, well defined
circumferential grooves; (8) lateral fringes of finger barely noticeable; (9) ulnar tubercles
present, lacking antebrachial tubercles; (10) heel with one rounded and several low tubercles,
shank lacking tubercles, tarsal tubercles low and small; (11) lateral fringes on toes barely
noticeable, webbing absent; Toe V longer than Toe III; discs of toes rounded, dilated pads in all
toes, well defined circumferential grooves; (12) inner metatarsal tubercles ovoid two times
bigger than outer one, rounded; supernumerary plantar tubercles very low and small, smaller
than subarticular tubercles; (13) iris grayish-gold with thin dark reticulations and a horizontal
reddish stripe in the middle of the eye, dorsal coloration varies between dark brown, or light
brown with cream; flanks vary between dark brown with minute white spots to light cream or
yellowish-cream with minute white spots; ventral coloration varies between black, light reddishbrown or reddish-cream; groin and concealed surfaces of thighs are black with white irregular
spots (whitish-cream and smaller in males); (14) SVL 19.0–21.8 mm in adult females (20.5 ±
0.90 SD, N = 6) and 15.5–16.4 mm in adult males (16.0 ± 0.64 SD, N = 2).
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Figure 11. Holotype of Pristimantis quintanai sp. nov. in preservative, adult female
MZUA.AN.1881. A dorsal view B ventral view C profile view.

Comparison with similar species
Pristimantis quintanai is morphologically most similar to P. simonbolivari, P. orestes, and P.
saturninoi from the P. orestes complex. The new species is similar to P. saturninoi, P. orestes
sensu stricto, and P. cajanuma and P. simonbolivari in having white spots on the groin.
However, it can be distinguished from P. saturninoi by having expanded discs in fingers and toes
(narrower in P. saturninoi), by lacking tympanic membrane, and because males lack nuptial
pads. The new species differs from P. orestes sensu stricto by having a low dorsolateral fold, a
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ventral coloration that varies between black, reddish-brown or reddish-cream (gray to pale brown
spotted with cream and brown in P. orestes), and because males lack vocal sacs. Pristimantis
quintanai is different from P. cajanuma by having a finely tuberculated dorsal skin and a ventral
coloration that can vary between black, reddish-brown or reddish-cream (light gray with or
without dark flecks and skin texture shagreen in P. cajanuma). Pristimantis quintanai differs
from P. simonbolivari by having a finely tuberculated dorsal skin (smooth in P. simonbolivari),
males with vocal sacs, and a row of ulnar tubercles (indistinct in P. simonbolivari).
Pristimantis bambu is different from the new species by having a finely granular dorsal
skin, ulnar tubercles coerced into a fold, vocal sacs in males (absent in P. quintanai), yellow
coloration in the groin, and by lacking tubercles on the heel (one small rounded and several low
in P. quintanai). Pristimantis mazar is different by lacking tubercles on the upper eyelid (one or
two small rounded and several low in P. quintanai) and by having a well differentiated tympanic
membrane, a dark reticulated pattern in the groin, a creamish-gray to dark brownish gray dorsal
coloration and a whitish-cream coloration in the venter. Pristimantis andinognomus is different
from the new species by having enlarged conical tubercles on heel and upper eyelids (one or two
rounded and several low in P. quintanai), a differentiated tympanic membrane, males with vocal
sacs and pale cupper dorsal coloration. Pristimantis vidua is different by having a finely granular
dorsal skin and by lacking ulnar tubercles. Finally, P. tiktik is different by lacking dorsolateral
folds (present, low in P. quintanai) and because males have vocal sacs, a reddish coloration on
the groin (irregular white or whitish-cream in P. quintanai) and a ventral coloration that varies
between various shades of gray, brown, orange or green (black, reddish-brown or reddish-cream
in P. quintanai).
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Description of holotype
Adult female (Figs 10–12) with head narrower than body and wider than long. HL is 87% of
HW, HW 36% of SVL; HL 31% of SVL; snout short (snout to eye distance 6% of SVL),
subacuminate in dorsal view, rounded in profile (Fig. 12A, B); canthus rostralis concave in
dorsal view, angular in profile; loreal region flat; ED 60% of eye-nostril distance; nostrils
oriented laterally; lips not flared; cranial crests absent; upper eyelid bearing one small subconical
tubercle and low small tubercles, width of upper eyelid 57% of IOD; tympanic annulus, rounded,
its upper and posterodorsal part obscured by a low and short supratympanic fold; tympanic
membrane absent (Fig. 12B); diameter of tympanum 63% of ED; one postrictal tubercle
posteroventral to the tympanic annulus; choanae small, round, no concealed by palatal shelf of
maxillary arch; dentigerous processes of vomers triangular, slightly larger than the choanae,
without space between the processes, bearing one teeth on the left one and two teeth on the right
one; tongue 1.4× as long as wide, slightly notched posteriorly, posterior half not adherent to floor
of mouth.
Skin on dorsum finely tuberculated; middorsal fold present; low dorsolateral folds (more
noticeable toward the end of dorsum); sinusoidal scapular fold present (Fig. 11A) skin of throat
shagreen with few small scattered tubercles, skin on chest and belly coarsely areolate; discoidal
fold low, barely noticeable (Fig. 11B); cloacal region with enlarged warts.
Ulnar tubercles present, outer palmar tubercle bifurcated (divided distally); thenar
tubercle rounded; subarticular tubercles not projected, round and subconical in section;
supernumerary palmar tubercles low and rounded, smaller than subarticular tubercles; fingers
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bearing lateral fringes; Finger I shorter than Finger II; discs on fingers laterally expanded,
rounded; all fingers bearing dilated pads well defined by circumferential grooves (Fig. 12C).
Hindlimbs short; TL and FL are 40% of SVL; heel with two small subconical tubercles
(the one closest to the tarsus bigger); outer edge of tarsus with a row of small and low tubercles;
inner edge of tarsus bearing a fold; inner metatarsal tubercle broadly ovoid, about 2× the rounded
outer metatarsal tubercle; subarticular tubercles not projected; plantar supernumerary tubercles
low, barely noticeable; toes bearing lateral fringes; webbing absent; discs on toes laterally
expanded, rounded, wider than those on fingers; toes with dilated pads well defined by
circumferential grooves; relative length of toes I <II < III < V < IV (Fig. 12D). Measurements of
holotype: SVL 20.2; HW 7.2; HL 6.3; IOD 2.6; internarial distance 1.8; upper EW 1.5; ED 2.2;
eye-nostril distance 1.3; TD 1.4; TL 8.8; FL 8.5.
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Figure 12. Holotype of Pristimantis quintanai sp. nov. in preservative, adult female
MZUA.AN.1881. A head in dorsal view B head in profile view C palmar surfaces D plantar
surfaces

Coloration of holotype
In life (Fig. 10), the dorsum is brown, but it becomes darker toward the flanks. The tips of the
tubercles, that cover most of the dorsal surfaces, are slightly pinkish. A dark brown strip is
visible in the supratympanic region. The loreal region, nostrils and upper lips have vertical dark
brown chevrons. The dorsal surfaces of fingertips are dark cream. The throat is dark brown with
minute pinkish-cream spots, the venter is dark brown, the groin and concealed surfaces of the
thighs and tibia are black with irregular white spots (larger in the groin region). The venter is
black. The ventral surfaces of hands are cream with dark brown spots. Toes I, II and III and the
tips of Toes IV and V are cream, the plantar surfaces as well as Toes IV and V present a dense
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brown spatter. The iris is grayish gold with dark reticulations and a reddish horizontal bar in the
middle. The cloacal region presents a dark triangle delimited by a thin gray strip that extends to
the thighs.
In preservative (Fig. 11), the dorsum and flanks are dark brown with tiny light brown
dots (the tip of the tubercles is light gray). The head and upper eyelids are grayish-brown, the
dorsal surfaces of the limbs present the same coloration as the dorsum. The dorsal surfaces of
hands and foot are light brown with cream spots, the dorsal surfaces of the tips in Fingers I and II
are cream. The dorsal surfaces of toes I, II and III are cream with a tiny brown spatter. The throat
and chest are light brown, the venter is dark brown, the groin and concealed surfaces of thighs
and tibia are dark brown with white irregular spots. The ventral surfaces of hands are white whit
brown spatter. Toes I, II and III and the tips of Toes IV and V are white, the plantar surface as
well as Toes IV and V show a dense brown spatter. The cloacal region presents a dark triangle
delimited by a thin gray strip that extends to the thighs.
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Figure 13 . Morphological variation of Pristimantis quintanai sp. nov. in
live. A MZUA.AN.1900, profile and dorsal view B MZUA.AN.1880, profile and ve ntral
view C MZUA.AN.2705, profile view.

Variation
Morphometric variation is detailed in Table 5. In the males MZUA.AN.1900 (Fig. 13A) and
MZUA.AN.1880 (Fig. 13B), the tubercles on the dorsum and on the upper eyelid are less
distinguishable (character more notorious in life in these specimens). One individual,
MZUA.AN.2705 (Fig. 13C) has smaller blueish-white spots on the groin, the dorsal surfaces of
fingertips and toes and the ventral surfaces of hands and foot are pink. The throat is dark brown
with minute dark gray spots. In the male MZUA.AN.1900, the flanks and posterior limbs have
dark brown vertical chevrons delimited by cream. The throat, chest and the region of the flanks
next to the belly is yellowish-cream, the venter is reddish-cream. The male, MZUA.AN.1880
presents a lighter dorsal coloration with a light brown and yellowish-cream pattern.
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Table 5. Measurements (in mm) of adult males and females of Pristimantis quintanai sp. nov.
The mean, standard deviation (SD) and rang e of each morphological character are shown for
females (N = 6). The mean of each character is show for males (N = 2). Abbreviations of the
morphometric measurements are presented in Materials and methods.

MZUA
1881
♀

MZUA
1746
♀

MZUA
1885
♀

MZUA
1873
♀

MZUA
2705
♀

MZUA
1874
♀

MZUA
1900
♂

MZUA
1880
♂

20.2

20.7

20.6

21.8

19.0

20.6

15.5

16.4

1.3

1.2

1.7

1.9

1.7

1.6

1.0

1.1

1.4

1.4

1.1

1.1

1.1

1.1

0.8

0.9

2.2

2.2

2.1

2.1

2.0

2.1

1.7

1.7

1.5

1.7

1.4

1.8

1.6

1.6

1.0

1.3

2.6

2.4

2.8

3.0

2.5

2.5

1.9

2.0

1.8

2.0

2.0

2.0

1.7

1.8

1.4

1.7

6.3

6.5

6.5

7.0

5.9

6.2

4.5

4.8

7.2

7.4

7.5

7.8

6.8

7.2

5.6

5.8

8.8

9.0

9.4

9.5

8.8

8.9

7.0

7.4

8.5

7.7

8.5

8.9

8.4

8.7

6.5

7.2

SVL
EN
TD
ED
EW
IOD
IND
HL
HW
TL
FL

Mean±SD
(range)
♀
20.5±0.9
(19.0–
21.8)
1.6±0.3
(1.2–1.9)
1.2±0.2
(1.1–1.4)
2.1±0.1
(2.0–2.2)
1.6±0.1
(1.5–1.8)
2.6±0.2
(2.4–3.0)
1.9±0.1
(1.8-–.0)
6.4±0.4
(5.9–6.5)
7.3±0.3
(6.8–7.0)
9.1±0.3
(8.8–9.5)
8.5±0.4
(7.7–8.9)

Mean
♂

16.0
1.1
0.9
1.7
1.2
2.0
1.6
4.7
5.7
7.2
6.9

Etymology
The specific epithet honors Dr Pedro Quintana-Ascencio for his contributions teaching young
scientists from Ecuador and the USA and for promoting conservation studies in endangered
ecosystems in the south of Ecuador. This is our tribute to Pedro as an ecologist, professor and
friend.
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Distribution and natural history
Pristimantis quintanai is know from three localities in the Province of Cañar: Guangras, Rivera
and Llavircay in an elevation range between 2500 and 2800 m. The ecosystem were the species
is found is categorized as an evergreen high montane forest from the eastern Andes of Ecuador
(Ministerio de Ambiente del Ecuador 2012). All specimens were encountered during the night
between small shrubs and in leaf litter. Some specimens were observed in small branches
between 0 and 25 cm above ground. Other sympatric frogs include P. pycnodermis and two other
unidentified species of Pristimantis.
Conservation status
The localities where P. quintanai has been registered cover an estimated area of 40 km2. The
landscape is highly fragmented and includes extensive areas of both active and abandoned
paddocks and has been directly influenced by the infrastructure of the Mazar hydroelectric
project. In all the localities, the montane forest has been drastically reduced, particularly next to
villages and cities. Pristimantis quintanai is not a locally abundant species given that only a
handful of individuals (<7) were found in each of the visited localities. We therefore recommend
that this species be categorized as Endangered B1ab (iii), following the IUCN criteria, because
its extent of occurrence is less than 5000 km2 and its natural habitat has been severely
fragmented.
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Discussion
Recent phylogenies published by Brito et al. (2017) and Székely et al. (2018) have advanced our
understanding of the P. orestes species group but continue to recover P. orestes as three different
lineages from three localities of southern Ecuador: 1) Cajanuma (Loja), 2) Lagunas del
Compadre (Loja) and 3) Sigsig (Azuay). The issue of paraphyly arises from a lack of molecular
data from the type species that was collected in 1971 by William E. Duellman and Bruce
MacBride (Lynch 1979) in the locality of Urdaneta, province of Loja. In our study, we provide
for the first-time genetic sequences of P. orestes sensu stricto from four specimens collected at
the type locality. Notably, the P. orestes specimens from Urdaneta cluster together with the
specimen from Sigsig in a strongly supported clade. Thus, in our analysis, we found no evidence
to suggest that the individual from the Sigsig locality is genetically distinct from those in
Urdaneta and therefore we maintain the identity of KU18257 as P. orestes. In contrast, we found
evidence to suggest that the specimen from the nearby locality Lagunas del Compadre is
genetically distinct and should therefore not be considered part of P. orestes sensu stricto. We
aim to provide a complete description of the new species from Lagunas del Compadre based on a
larger number of specimens in a future study.
Our analyses show that Pristimantis saturninoi consists of two genetically distinct
lineages. One lineage includes the holotype and one paratype from the description of Brito et al.
(2017), and as such, we consider this clade as P. saturninoi sensu stricto. A second paratype
(DHMECN 12237) clusters together with P. quintanai in a distinct clade and therefore should be
considered as a distinct species from P. saturninoi. Although we find a moderate genetic distance
(2.3%, based on the 16S fragment) between DHMECN 12237 and P. quintanai, we still need
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genetic, morphological and behavioral evidence (i.e., calls) from a larger number of individuals
to determine relationships with P. quintanai. This conflict within P. saturninoi is most likely the
result of convergent morphological resemblance between the collected specimens that prevents
their separation based on morphological characteristics only. Similar issues with type series that
are found to consist of different species have been reported in other clades within Pristimantis
(Ortega-Andrade and Venegas 2014), highlighting the importance of obtaining different lines of
evidence including genetic, morphological and ecological data when dealing with complex
cryptic groups of species (Araujo De Oliveira et al. 2017) such as the P. orestes species group. A
handful of morphological characters including the characteristic white spots in the groin are
shared between P. orestes and the newly described species P. cajanuma and P. quintanai. Here,
we find evidence of strong genetic differentiation between these species and provide a
combination of additional morphological characters that can help to easily distinguish between
these species in the field. Our phylogeny suggests that true diversity within the P. orestes species
group is yet to be fully uncovered, and that formal descriptions for several new taxa (e.g.,
DHMECN 3112, QCAZ 45556) are still needed. Moreover, as detailed here for P. saturninoi and
P. orestes sensu stricto, additional genetic data are also needed from other potential members
such as P. colodactylus, P. vidua, and P. tinajillas to infer the evolutionary history of the group.
As we conduct more field expeditions in the southern highlands of the Ecuadorean Andes with a
focus on the type localities, we are confident that the diversity as well as our understanding of
phylogenetic relationships of the P. orestes species group will significantly increase.

56

CHAPTER 2. CRYPTIC DIVERSITY AND DRIVERS OF
DIVERSIFICATION IN A GROUP OF TERRESTRIAL FROGS IN THE
ANDES OF ECUADOR
Abstract
The extraordinary biodiversity in the Andean mountain regions is influenced by the high
environmental and topographic heterogeneity in these areas. Landscape features can act as
barriers for dispersal whereas environmental gradients can promote adaptive differentiation
across ecotones. Small terrestrial vertebrates such as amphibians are likely to be differentiated
by a combination of these two processes due to their low vagility and strong associations with
specific habitat conditions. However, our understanding of the significance of these two
processes in most eco-morphologically distinct groups of Andean amphibians is still limited. In
the highlands of the Ecuadorean Andes, direct-developing terrestrial frogs of the genus
Pristimantis represent 40% of total amphibian diversity. However, speciation and diversification
of Pristimantis from highland ecosystems remains poorly understood, particularly due to the
limited molecular approaches employed, insufficient sampling, and conflicting taxonomic
resolution. In this study, we explore the diversity and molecular and phenotypic diversification
of the Pristimantis orestes species complex, a morphologically diverse group in the southern
Andes of Ecuador. Here, we generate the most complete phylogeny of the group to date and
define species using a combination of three delimitation methods. Then, we explore associations
with elevational gradients, geographical distances and hand morphology to identify patterns of
diversification in the group. We recover 41 species in the group, 28 of which are newly identified
and undescribed. We identify two major clades within the P. orestes species group, one
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predominantly low elevation and one predominantly high elevation; these two clades are also
strongly differentiated by variation in hand and finger disc morphology. Ancestral state
reconstruction reveals a mid-elevation origin of the group with an intermediate value of the hand
morphology ratio we devise. The highest number of species occur in mid- to high-elevation
ecosystems. We find that genetic divergence within clades is not explained by geographical
distances or elevation, and most sister species show non-overlapping distributions. Thus, our
results highlight an effect of elevation and habitat specialization driving diversification among
clades, and we suggest vicariance events and local adaptation to specific microhabitats as likely
diversification drivers within the P. orestes species group.
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Introduction
Mountain regions, especially those distributed in the neotropics, harbor high levels of species
richness (Vasconcelos et al. 2020). The topographic and environmental complexity of these areas
are important factors regulating biodiversity at local and regional scales (Novillo and Ojeda
2014). The valleys and basins characteristic of the neotropic mountains act as barriers for the
dispersal of organisms (Krabbe, 2007), promoting allopatric speciation, whereas elevational and
environmental shifts can promote speciation resulting from ecological divergence (Vargas and
Simpson 2019). Numerous studies suggest allopatric vicariance is the most common speciation
mode in mountain regions (Garcia et al. 2012, Vijayakumar et al. 2016). Specifically, allopatric
processes have been suggested as the drivers for the diversification of plants, amphibians, snakes
and birds in the north and central Andes of South America (Vences and Wake 2007, Guarnizo et
al. 2009, Jabaily and Sytsma, 2012, Wagner et al. 2012, Caro et al. 2013, Vargas and Simpson
2019), along the West-European Range (Boucher et al. 2016), and in the Mogollon Rim in North
America (Burbrink et al. 2011). However, when species are distributed continuously without
evidence of geographic isolation, allopatry alone cannot explain divergence produced across
ecological gradients (Lynch and Duellman 1997, Schuter 2009, Guayasamin et al. 2017). Given
the extraordinary complexity of mountain regions, it is likely that a combination of ecological
and allopatric speciation processes is responsible for the rapid increase in species richness
observed in these regions (Vijayakumar et al. 2016, Muellner-Riehl, 2019).

Environmental gradients generated by the topographical complexity in mountain regions
are likely to promote local adaptation (Linck et al. 2019) because ecological transitions usually
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occur over very short distances (Payseur 2010, Dal Grande et al. 2017). This characteristic is the
result of dramatic environmental differences that occur across small geographic distances as
altitude increases (Perrigo et al. 2019). Adaptive differentiation and divergence in phenotypic
traits in response to varying selection pressures is the hypothesized ecological speciation
mechanism when replacements of sister taxa occur at different continuous elevations (Caro et al.
2013). Elevational gradients determine transitions between ecotones and are correlated with
variations in temperature, humidity, and habitat structure (e.g., depth of leaf litter, richness of
epiphytes), and anurans in these regions are especially likely to be differentiated by ecotones
because of their restricted dispersal abilities (Wiens and Graham 2005, Guarnizo et al. 2009).
Thus, elevational differences in species distributions can signify both allopatric and ecological
speciation modes and understanding the drivers of diversification is critical to disentangle the
relative contributions of each process. Exploring the significance of these processes in ecomorphologically diverse clades of small terrestrial vertebrates such as amphibians is important to
advance our understanding of the complex diversification in heterogeneous mountain regions.
The Andes region of South America is ideal for studying diversification processes
because of its complex topography and heterogeneous environment (Brumfield and Edwards
2007). The current structure of the Andes has been influenced by several uplifting-erosionsedimentation processes (Whipple and Gasparini 2014, Armijo et al. 2015) that resulted in the
formation of sharp mountain peaks that reach over 6000m, followed by lower discontinuous
valleys that constitute barriers to the dispersal of species, particularly in high elevation
ecosystems. In this region, small terrestrial vertebrates such as amphibians are highly species-
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rich, presumably due to rapid diversification arising from both physical barriers and dramatic
elevational and environmental shifts.
Terrestrial amphibians from the genus Pristimantis (Anura: Strabomantidae) are
particularly diverse in the central Andes of Colombia and Ecuador (Garcia et al. 2012, Padial et
al. 2014, Mendoza et al. 2015, Hutter and Guayasamin, 2015, Gonzalez-Duran 2016, Szekely et
al. 2016). Members of this genus are direct developers (Kaiser et al. 2015) and therefore forego
the biphasic tadpole stage (Fang et al. 2000). Pristimantis females deposit eggs in the soil, leaf
litter (Heinicke et al. 2009) or in some cases in vegetal structures (e.g. bromeliads); the embryo
completely develops inside the egg and hatches as a miniature frog with most characteristics of
an adult. Thus, the development of Pristimantis is not dependent on water and this characteristic
has allowed them to inhabit a wide variety of habitats and has promoted specific environmental
associations and the development of complex morphological traits. Large-scale studies
reconstructing the ancestral range of the genus across the neotropics of South America recognize
the middle elevation band (1000-3000m) as the point of origin and dispersal of Pristimantis
(Garcia et al. 2012, Mendoza et al. 2015). But the species are now distributed from elevations
between 0 to 4500m suggesting dispersal into higher and lower elevations may contribute to
speciation in the group.
Although Pristimantis can be found across a variety of regions in the neotropics of
Central and South America, species diversity is highest in the mountains of the central Andes in
Ecuador and Colombia (Ron et al. 2018). In the Ecuadorean Andes, several studies have
suggested allopatric speciation due to differentiation across geographical barriers as the main
speciation mode for several monophyletic species groups within Pristimantis (Guayasamin et al.
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2017, Sanchez-Nivicela et al. 2018, Paez and Ron, 2019). In contrast, evidence for speciation
and differentiation across ecological gradients have only been suggested for a handful of
distantly related co-distributed clades in the Choco (Arteaga et al. 2016) and for the P.
acuminatus group in upper Amazonia (Ortega-Andrade et al. 2015). However, few studies have
explored diversification patterns of Pristimantis and correlates between ecological gradients and
adaptive traits in high elevation Andean ecosystems in Ecuador, where members of the genus are
exceptionally diverse. Additionally, the widely recognized challenging taxonomy and lack of
species-level delimitations within Pristimantis has limited our ability to explore these processes,
particularly because of the presence of cryptic species groups (Lynch 1976, Hedges et al. 2008,
Padial et al. 2014).
Recently, we uncovered several new lineages within the Andean species group
Pristimantis orestes (Urgiles et al. 2019). The group is restricted to the montane and paramo
ecosystems in southern Ecuador and has a history of poor taxonomic resolution due to the
presence of cryptic species, misidentifications promoted by high morphological resemblance,
and incomplete sampling. This history of cryptic species discovery in this group (Urgiles et al.
2019) suggests that broader surveys in the southern Andes of Ecuador will result in substantially
more species discovery. Furthermore, the high species richness, relatively small distributions and
eco-morphological diversity in the P. orestes group makes it an interesting system to explore
diversification patterns in the high elevation Andes.
Here, we used two mitochondrial and one nuclear gene to reconstruct a species level
phylogeny for the P. orestes species group based on samples from 62 localities throughout
southern Ecuador. We then used this phylogeny to i) describe its diversity and delimit candidate
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species, and ii) explore the geographical and ecological factors influencing the genetic and
phenotypic variation of the group. To achieve this, we first used a combination of delimitation
methods to estimate the number of species in the group. Next, we identified sister species and
used data occurrence, distributional maps and isolation by distance tests to infer the most
common mode of speciation. Finally, we used ancestral state reconstruction analysis to explore
the role of elevation in the diversification of the group. Because preliminary morphological
examinations revealed an interesting pattern of morphological differentiation in hand and finger
disc size among specimens, we devised a metric to account for this variation and used it as a trait
value to explore ancestral character states and correlations with elevational gradients. Our study
recovers extremely high undescribed diversity in a group of Pristimantis from the high elevation
ecosystems of Ecuador and highlights its complex diversification patterns.
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Materials and methods
Taxon sampling and data collection

Samples from eight provinces in the southern region of the Ecuadorean Andes were obtained
from the Museo de Zoología de la Pontificia Universidad del Ecuador, Quito, Ecuador (QCAZ),
the Museo de Zoología de la Universidad del Azuay, Cuenca, Ecuador (MZUA), the Museo de
Zoología de la Universidad Técnica Particular de Loja, Loja, Ecuador (MUTPL), and the
Instituto Nacional de Biodiversidad del Ecuador, Quito, Ecuador (INABIO). Additionally, we
conducted amphibian surveys in 17 localities where specimens or tissue samples had not
previously been collected (Figure 14). Amphibians were collected under the authorization from
the Ecuadorian Environmental Ministry (MAE): MAE-DNB-CM-2015-0016. All animal
research was carried out under the University of Central Florida’s Institutional Animal Care and
Use Committee IACUC approved protocol #18-16W. Specimens were euthanized with a
solution of 2% lidocaine, fixed in 10% formalin, and preserved in 70% ethanol. Tissue samples
from liver were extracted and preserved in 96% ethanol. Geographic coordinates and elevations
were recorded with a GPS unit (WGS84 datum). Individuals collected during this study were
permanently deposited in the herpetology collection at INABIO, Quito, Ecuador.
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Figure 14. Sampling localities in southern Ecuador. Red dots denote localities where members
of the P. orestes group were collected and yellow dots represent localities where field
expeditions were conducted but no members of the P. orest es group were found.

DNA extraction, amplification and sequencing

Total DNA was extracted from ~8mg of liver tissue using the DNeasy Blood & Tissue kits
(Qiagen, Valencia, California, USA) following the manufacturer’s protocol. We amplified
fragments of the mitochondrial genes 12S and 16S and the nuclear gene RAG-1. For our
analysis, we also used unpublished sequences for 25 specimens provided by QCAZ and MUTPL;
primers and protocols used to generate sequences in this study are detailed in Appendix F.
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We amplified a fragment of 686bp of 12S, a fragment of 1134bp from 16S, and a fragment of
679bp from RAG-1. The final volume of each PCR reaction was 20 μL. The standard reactions
for the mitochondrial genes (12S, 16S) contained two μL of 10mM dNTP, 3.6 μL of OneTaq
PCR buffer, 2μL of each primer (10 μM), 0.3 μL of 1 U OneTaq Polymerase, and 1μM of DNA.
The reaction volumes for the nuclear gene (RAG-1) were the same as for 12S and 16S, but we
used Platinum II Taq Hot-Start DNA Polymerase and 5x Platinum PCR buffer (Thermo
Scientific). PCR amplification products were cleaned using ExoSAP PCR Product Cleanup
Reagent (Thermo Fisher Scientific), and Sanger sequenced in both directions by Eurofins
Genomics (Kentucky, USA).
Phylogenetic analysis

We cleaned all sequences and assembled the forward and reverse fragments in GeneiousPro v.
9.1.6 (Biomatters Ltd.); for our analysis we only retained cleaned sequences with a length over
350bp. To build the alignments, we used the newly generated sequences and conducted BLASTn
(Lobo, 2008) searches to identify similar sequences of 12S, 16S, and RAG-1 in GenBank. In
addition to including all GenBank sequences from previously recognized members of the P.
orestes species group, we also included sequences from close congeneric clades within
Pristimantis based on the phylogeny proposed by Padial et al. (2014), and we defined
Strabomantis biporcatus and Lynchius flavomaculatus as outgroups.
Sequences were aligned using the MAFFT algorithm (Katoh and Standley 2013). Manual
posterior corrections were performed in all the alignments to remove unnecessary gaps and, in
rare cases, to improve homology. To detect possible alignment errors and significant
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incongruences, we first constructed single gene trees. A Maximum Likelihood (ML)
phylogenetic analysis was performed in IQ-TREE (Nguyen et al. 2015) for each the
mitochondrial and nuclear genes alignment. Nodal support was obtained after generating 20,000
samples for ultrafast bootstrap (Appendix E). Next, we concatenated the 12S, 16S and RAG-1
alignments into a single matrix to conduct phylogenetic analyses based on all genes. We used
PartitionFinder2 (Lanfear et al. 2016) under the corrected Bayesian information criterion to find
the best model of evolution. Molecular phylogenetic relationships with the concatenated matrix
were inferred using ML and Bayesian inference. ML analysis was conducted in IQ-TREE, with
nodal support obtained after generating 20,000 pseudo-samples for ultrafast bootstrap. Bayesian
inference was conducted in MrBayes v.3.1.2 (Ronquist et al. 2012) under Markov chain Monte
Carlo sampling (MCMC). We performed two independent runs of 15,000,000 generations and
four chains, sampling every 1000 generations. The first 1,000,000 generations were discarded as
burn-in. To visualize the generated trees from the Bayesian analysis and confirm that the
posterior had reached stationarity, we used TRACER (Rambaut et al. 2014). The average
standard deviation of split frequencies was <0.05, and the effective sample size was >200 for all
parameters. We compared genetic distances between clades and between each sequence pair
using uncorrected p-distances for the 16S fragment in MEGA X (Kumar et al. 2018). Pairwise
genetic distances between clades are shown in Appendix H.
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Species delimitation

We conducted the species delimitation analysis based on three different approaches. First, we
used the Poisson Tree Processes (PTP) method (Zhang et al. 2013) on the bPTP web server
(http://species.h-its.org/ptp/). PTP is a sequence-based method that uses the branch lengths of an
input tree to estimate the number of average independent substitutions between branching events;
this method is advantageous because it can be implemented with non-ultrametric trees. We
performed PTP using the ML concatenated tree with 500,0000 MCMC generations, a thinning
value of 100, and a burn-in of 50%. Convergence of the MCMC chain was examined visually in
the output trace plot. Second, we used the Automatic Barcoding Gap Discovery (ABGD)
(Puillandre et al. 2011). This method uses the pairwise distances of aligned sequences to partition
samples into candidate species based on a barcode gap. The barcode gap is defined by the first
peak that allows a partition to be inferred between intra and interspecific sequence divergence,
and this gap is then computed recursively until the smallest significant partition is reached
(Puillandre et al. 2011, Postaire et al. 2016). ABGD was implemented using the webserver
(https://bioinfo.mnhn.fr/abi/public/abgd/abgdweb.html) based on the 16S sequence alignment.
We used default parameters Pmin=0.001, Pmax=0,1 and a gap width (X)=1. The intraspecific
divergence between the recursive and the initial partition narrowed at 0.07. Third, we conducted
morphological examinations of the specimens based on 15 external characters (Appendix I).
These characters are widely used in taxonomic analysis and descriptions of species of
Pristimantis and have been useful to distinguish other members of the P. orestes species group
(see diagnosis and species comparisons in Guayasamin et al. 2013, Brito et al. 2017, Szekely et
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al. 2018, Urgiles et al. 2019). The results from the species delimitation analyses are presented in
Appendix J.
Geographic distribution, and diversification across geographic and environmental barriers

Geographic coordinates were obtained from 229 individuals from the museum collection
database of QCAZ ( https://bioweb.bio/portal/), and from non-public databases from MUTPL,
MZUA, and INABIO. For our analysis, we only used geographic data from specimens that were
analyzed and reviewed in this study to prevent errors due to misidentified specimens. When two
or more localities from the same species or candidate species were in close proximity (< 5 km),
we included only one of them. We constructed maps to visualize the distribution the species
using QGIS v 3.12.2 (2020) and input a digital model of the terrain of Ecuador obtained from
Sigtierras (2016) to determine if sister species within the P. orestes group displayed overlapping
distributions and to differentiate higher elevation mountain ranges from basins and lower
elevation valleys. Additionally, we determined the ecosystem of each coordinate point using the
classification defined by the Ecuadorean environmental ministry (Ministerio de Ambiente del
Ecuador, 2012). Distribution maps for all species within the P. orestes species group are shown
in Appendix K.
To test if genetic differentiation is explained by geographical distances, we generated a
matrix of the 16S pairwise genetic distances in MEGA X, and a distance matrix using the
geographic coordinates for each individual in our phylogeny using the function dist from the R
package adegenet (Jombart, 2008). Next, we tested for correlations between the two matrices
using a Mantel test implemented in R. The same approach was used to test for isolation by
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elevation, using a matrix of pairwise elevation differences instead of geographic distances. We
did not use the genetic distances from our nuclear data set because we lack RAG-1 sequences
from numerous individuals used in our phylogeny.

Morphological and ecological data acquisition

To obtain average trait values for each defined species and candidate species within our
phylogeny, we used elevation and morphometric data from a total of 229 and 212 specimens
respectively. The number of individuals per candidate species used in the analysis ranged
between 1 and 26 (mean = 5; +/-5.8 SD) (Appendix L). We obtained elevation data for each
individual from museum collection databases in Ecuador, and from field notes from the
collectors. We measured the average elevation across all individuals within each candidate
species and used that average as the value for the clade. Further, because we wanted to capture
the notorious variation in the relationship between the finger disc width and total hand length
that we noted among individuals within the P. orestes species group, we devised a metric in
order to capture this characteristic feature. From all available specimens, we measured the finger
disc width from Finger IV (FDW) and hand length (HAL) using a digital caliper and used the
average ratio of FDW/HAL across all individuals as an estimate of allometric disc width (Figure
15) (Appendix M). We were unable to obtain reliable FDW measurements for candidate species
P. sp7, P. sp16. and P. sp26 and therefore we excluded them from this analysis.
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Figure 15. Ratio finger disc width / hand length FDW/HAL shown in P. colodacytlus
(KU142151, Kansas Museum of Natural History, USA).

Phylogenetic signal, correlations and reconstruction of ancestral characters states

We reconstructed the ancestral states of elevation and the FDW/HAL ratio on the Bayesian
concatenated phylogeny. We randomly extracted one tip from each of the candidate species
clades from the P. orestes species group tree and used that pruned phylogeny to reconstruct the
ancestral states using the maximum likelihood approach for continuous characters (Felsenstein,
1988). We calculated the 95% confidence intervals for each node using the function fastANC.
The phylogenetic signal was quantified using Pagel’s λ and Blomberg’s K under the expectation
of Brownian motion (BM) using the phylosig function. Correlation between FDW/HAL ratio and
elevation was conducted using an ordinary least square regression and phylogenetic independent
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contrasts (PIC). The character reconstructions were plotted using the contMap function. All the
functions were implemented in the phytools R package (Revell, 2012).
Results
Our phylogenetic analysis included newly generated sequences from 199 individuals, including
50 specimens we collected during field surveys. The final dataset included 243 genetically
unique individuals, with a concatenated dataset of 2499 bp. Fragments of the 16S gene were
obtained for 99% of the individuals, whereas fragments of the 12S and RAG-1 gene were
obtained for 66% and 74% of the individuals, respectively. The best partition scheme included
five subsets. The first partition subset included the 12S sequences and the best substitution model
was GTR+I+G. The second partition subset included the 16S sequences and the best substitution
model was also GTR+I+G. The subset for RAG-1 was partitioned according to codon positions:
1st codon position, model of evolution F81+I+G; 2st codon position, model of evolution
GTR+I+G; and 3rd codon position, model of evolution GTR+I+G. The P. orestes species group
was recovered as a well-supported monophyletic clade in both ML and Bayesian phylogenies
(bootstrap values [bb] = 100%; posterior probabilities [pp] = 100). The only topological conflicts
recovered between the two analyses were: i) the placement of P. sp17 which was recovered as
the sister species of P. bambu in the Bayesian phylogeny (Figure 16), but as part of a clade
formed by the previously described species P. saturninoi, P. tiktik, P. quintanai, P.
simonbolivari, P. bambu, and P. mazar in the ML phylogeny, and ii) the recovery of P.
andinogomus as the sister species of P. orestes in the ML phylogeny but as the sister species of
the clade formed by P. vidua, P. sp13 and P. sp14 in the Bayesian phylogeny (Figure 16, red
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branches). We recovered two well-supported major clades within the P. orestes species group
(Figure 16, A and B), and several subclades with moderate to well-supported values.
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Figure 16. Bayesian phylogeny and Maximum Likelihood (ML) phylogeny of the Pristimantis orestes species group based on
2499 base pairs of concatenated DNA from 12S, 16S, and RAG-1 gene fragments. Bayesian posterior probability support
values and bootstrap values are shown for each node, except when they are less than 70. In the Bayesian phylogeny, branches
were collapsed in clades with posterior probabilities 0. 90 and in the ML phylogeny branches were collapsed in clades with
over 70% ultrafast bootstrap values. We rooted the tree with Lynchius flavomaculatus and Strabomantis biporcatus. Names in
purple represent the candidate species recovered from our species delimitation ana lysis. The clade highlighted in red (P.
sp17) and the red line represent the regions of the tree where incongruencies between the topologies were found in candidate
species P. sp17 and P. andinognomus . A and B represent the two major well supported clades recovered in the ML and
Bayesian phylogenies.
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Species delimitation

The number of inferred species within the P. orestes species group varied between the three
delimitation methods. The PTP method inferred 54 species, whereas the ABGD method
recovered 39 species within the group and overall provided a similar estimation to the 43 species
inferred based on the 15 external morphological characters (Appendix F). The four species
inferred from morphology but not ABGD can be attributed to higher interspecific variation in the
morphological characters we examined than in our recovered molecular divergence, and to
underestimation and erroneous group assignment produced by ABGD.
Our phylogeny includes 13 previously described species in the P. orestes group. Here, we
recovered 6 of those species with the PTP approach, 11 with ABGD, and all 13 based on
morphology. Additionally, we recovered 14 new candidate species that were consistent across all
three methods, as well as 12 other new candidate species that were consistent across two of our
three methods (ABGD and morphology). Most of the discordance between the three methods
were found in the clade that included P. saturninoi and P. mazar (Appendix J, black box), and
the clade that included P. bambu (Appendix J, blue box). Among these clades, PTP recovered
two species, separating P. bambu and grouping together P. saturninoi, P. mazar an several
individuals from Jima, Churuco, Quimsacocha, Labrados, Maylas, Cabogana Tinajillas, and
Puente de Piedra. In contrast, ABGD separated P. bambu into two groups. The first P. bambu
clade included P. bambu sensu stricto (including sequences from paratypes and paratopotypes)
from La Libertad in the Cañar province and individuals from Laguna de Busa and Sunsun in the
Azuay province. The second P. bambu clade included individuals sampled from La Enramada in
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El Oro province. Morphologically, P. bambu is different from the individuals from La
Enramada, Sunsun and Laguna de Busa. However, because we were only able to examine a very
limited number of adult individuals from each of these localities (~2) and based on the
incongruencies recovered between PTP and ABGD and small genetic distances (<2%), we
decided to follow a conservative approach and considered this whole clade as P. bambu
(Appendix J, clade highlighted with blue box). ABGD also recovered P. saturninoi and P. mazar
as one species but based on morphological differences and because both species were previously
described and delimited based on several lines of evidence, for our analysis we decided to
maintain them as two separate species. The other incongruency among our delimitation methods
was the grouping of candidate species P. sp20 and P. sp21 as a single species based on the PTP
and ABGD methods, however based on morphological differences, large geographical
separation, and large genetic distances (>3%), we decided to consider them distinct species.
Based on the assessments for previously described species, a minimum genetic distance
of 3%, and a criterion of two out of the three methods providing consistent results, we recovered
41 species within the P. orestes group. Among the species recovered we confirm the affiliation
of P. vidua, P. colodactylus and P. proserpens as part of the group, as well as 28 additional
candidate species (Figure 16). Clade A includes 3 previously described species and 11 new
candidate species, and clade B includes 10 previously described species and 17 new candidate
species.
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Geographic distribution and diversification across geographic barriers

The P. orestes species group has a widespread distribution in the southern region of the
Ecuadorean Andes, encompassing six different ecosystems (Table 6) in an elevational range
between 1850 and 3800 m. Pristimantis simonbolivari and P. saturninoi represent the
northernmost distribution of the group in the western and eastern regions, respectively, while P.
sp22 and P. sp5 represent the southernmost know distribution in Ecuador (Appendix G). Based
on our phylogeographic and delimitation results (including the candidate species), higher species
diversity is found in the evergreen montane forest and paramo ecosystems (Figure 17), which are
the highest elevation habitats in southern Ecuador. Most species in the P. orestes species group
are restricted to a single ecosystem and present narrow distributions, except for six species (P.
vidua, P. mazar, P. sp14, P. sp17, P. sp20 and P. sp24) that were recovered across two different
ecosystems, and three species (P. bambu, P. orestes and P. sp5) that presented widespread
environmental distributions occurring across three distinct ecosystems (Figure 17, Table 6).
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Table 6. Species grouped by ecosystem in the southern Andes of Ecuador. Nomenclature follows
Ministerio de Ambiente del Ecuador (2012). Asterisks represent species that occur in more than
one type of ecosystem.

Abbreviation Ecosystem

Species

Evergreen montane forest of the
Catamayo-Alamor

P. andinognomus*, P. sp5*, P. sp12*, P.
sp13

B

Evergreen montane forest and high
montane forest from the eastern
Andes of Ecuador

P. andinognomus*, P. bambu*, P. cajanuma,
P. mazar, P. orestes, P. quintanai, P.
saturninoi, P. vidua, P. sp1, P. sp2, P. sp3,
P. sp4, P. sp5*, P. sp6 , P. sp7, P. sp8, P.
sp9, P. sp11, P. sp14, P. sp16, P. sp22, P.
sp23, P. sp24, P. sp26

C

Evergreen Montane Forest from the
Condor-Kutucu Mountain range

P. proserpens

A

D
E

Evergreen Montane Forest from the
Condor Mountain range
Evergreen montane forest and high
montane forest from the western
Andes of Ecuador

F

Paramo

G

Evergreen Low Montane Forest from
the Condor-Kutucu Mountain range
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P. muranunka*, P. sp10
P. bambu*, P. orestes*, P. simonbolivari, P.
sp17*, P. sp20*
P. bambu*, P. colodactylus*, P. mazar*, P.
muranunka*, P. orestes*, P. tiktik, P.
vidua*, P. sp5*, P. sp12*, P. sp14*, P.
sp17*, P. sp18, P. sp19, P. sp20, P. sp21, P.
sp24*, P. sp25, P. sp27, P. sp28
P. sp15

Figure 17. Number of species of the P. orestes species group distributed by ecosystem in the
southern Andes of Ecuador. The abbreviations for the ecosystems are: A) Evergreen montane
forest of the Catamayo -Alamor, B) Evergreen montane for est and high montane forest from the
western Andes, C) Low Montane Forest from the Condor Mountain range, D) Evergreen
Montane Forest from the Condor Kutuku Mountain range, E) Evergreen montane forest and
high montane forest from the eastern Andes, F) Paramo, G) Low Evergreen Montane Forest
from the Condor-Kutuku Mountain range.

Mantel tests found that genetic variation in the P. orestes species group based on mitochondrial
16S is not explained by geographical distances (p-value=0.32) and shows a weak relationship
with elevation (p-value=0.08).
We identified 14 pairs of sister species at the terminal nodes of our Bayesian phylogeny
(Figure 18A, nodes 1-14). Among sister species pairs 1, 3, 6, 8, 12, and 13 we found no
overlapping occurrence and instead observed clear geographical separations driven by portions
of the inter-Andean valley and several river basins. We also found no overlapping distributions
in sister species 2, 9, 11 and 14, however, we did not identify obvious barriers such as valleys
between them. Sister species 4, 5, 7 and 10 show sympatric distributions in at least one locality.
Additionally, we found that most geographically separated sister species inhabit similar
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ecosystems and elevations, except for pair 12 which occurs in different adjacent ecosystems
(Table 6). Nevertheless, this pattern was not inferred for sister species pair 5, where species have
clear adjacent distributions but occur at different elevations and ecosystems. P. sp 14 and P.
vidua present an overlapping distribution in Cajanuma and occur in the same ecosystem; P. sp10
and P. muranunka show a similar pattern and overlap in one locality, in the same ecosystem and
at the same elevation. In addition, we observed overlapping distributions between sister species
P. sp17 and P. bambu (pair 10) in some localities (Figure 18, B10). However, we refrain to
suggest a model of speciation given the conflicting delimitation of P. bambu and because P. sp17
had an alternative position in the ML phylogeny, where it was not recovered as a sister species of
P. bambu.

Figure 18. A) Reduced phylogeny of the P. orestes species group, based on the Bayesian
inference, light circles denote the node of each group of sister species, B) Maps of southern
Ecuador with elevation, showing the geographical occurrence of 14 pairs of sister species. In
each map pairs of sister species are differentiated by red triangles and blue circles. Box 5
represents the distribution of P. proserpens and P. sp15 with (a) the layer of elevation and (b)
with a layer of ecosystems to illustrate habitat variation
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Phylogenetic signal, correlations and reconstruction of ancestral characters states

We found a moderately strong phylogenetic signal with elevation (Figure 19). Pagels’s λ and
Bloomberg’s K were significantly different from 0 (λ > 0.77, p =0.0004; K=0.98, p=0.001),
implying that our dataset fits the expectation of the Brownian motion (BM) model of evolution.
These results indicate that closely related members of the group tend to strongly resemble each
other in their average elevational occurrence. The ancestral state reconstruction supports a midelevation origin for the P. orestes group in the southern Andes of Ecuador, at 2888.8m (95% CI:
2551.6 – 3224.69m). This origin is congruent with the mid elevation range of the evergreen
montane and high montane forest of the eastern Andes where we found the highest species
richness in the group (Figure 17). Clade A encompasses all the species from lower (<2600m) and
mid-elevations (2600-3300m), with an estimated ancestral elevation of 2824m for the clade. In
contrast, clade B encompasses species found at mid (2600-3300m) and high elevations
(>3300m), with an estimated ancestral elevation for the clade of 3077m (Figure 19). Notably,
two of the new candidate species in clade A show convergent shifts to some of the highest
elevations recovered, despite the clade overall showing a pattern of occupying lower elevations.
We also found a strong phylogenetic signal with the FDW/HAL ratio; Pagels’s λ and
Bloomberg’s K were significantly different from 0 (λ > 0.96, p =9.2e-07; K=1.5, p=0.001). The
ancestral character state estimate of the FDW/HAL ratio for the P. orestes species group is 0.16
(95% CI: 0.14 – 0.18) and is non-overlapping with the current observed range of 0.11 – 0.20.
The highest ratios were recovered in clade A, whereas lower ratios were recovered in clade B
(Figure 20). However, clade B contains several instances of convergent increases in FDW/HAL
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ratio (P. sp22, P. sp11, and the ancestor of P. sp23 and P. quintanai) that do not correspond to
equivalent changes in elevation.

Figure 19. Reconstructed phylogeny of average elevation in the P. orestes group. Phylogeny is
based on the Bayesian inferences of a concatenated alignment of two mitochondrial and one
nuclear gene. Colored branches indicate the reconstructed ancestral state for each character.
The reconstructed value of elevation for the P. orestes group is 2888.8m (95%CI: 2551.6 –
3224.69). A and B represent the two major clades recovered in the phylogeny.

Overall, we found a negative relationship between elevation and FWD/HAL ratio. The ordinary
least squares regression showed a significant negative correlation (r = -0.49, p-value = 0.001),
but after conducting phylogenetic independent contrasts the strength of the correlation decreased
and was not significant (r=-0.29, p-value=0.26) (Figure 21).
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Figure 20. Reconstructed phylogeny of FDW/HAL ratio in the P. orestes group. Phylogeny is
based on the Bayesian inferences of a concatenated alignment of two mitochondrial and one
nuclear gene. Colored branches indicate the r econstructed ancestral state for each character.
The reconstructed value for FDW/HAL ratio is 0.16 (95%CI: 0.14 – 0.18). A and B represent the
two major clades recovered in the phylogeny. C shows the hand structure of P. colodactylus, D
hand structure of P. quintanai.
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Figure 21. Correlations between FDW/HAL ratios and elevation inferred with A) Ordinary least
squares regression and B) Phylogenetic independent contrasts.
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Discussion
In this study, we generated the most complete phylogeny of the P. orestes species group to date
and used it to test hypotheses about the drivers of diversification in this group. Our molecular
phylogeny reveals much higher levels of diversity than previously estimated, with the number of
species more than tripling from 13 (Urgiles et al. 2019) to an estimated 41 species. Our results
suggest a mid-elevation origin for the group and higher species richness in the evergreen
montane forest of the eastern Andes. We recovered two major clades within this group, and
ancestral state reconstructions suggest that the split between these clades is associated with
changes in elevation and features of hand morphology (FDW/HAL ratio). We found a pattern of
increasing elevation with decreasing FDW/HAL ratio, but this pattern was not significant when
accounting for phylogenetic independence. Based on the occurrence data available herein, most
sister species show no overlap in their distributions and in some cases are separated by drier
valley regions and rivers. The results of our study suggest that diversification within the clades of
the P. orestes group is largely driven by vicariance promoted by landscape features such as
valleys and river basins. However, the overlapping distribution of sister species pairs 5, and the
convergent increases in FDW/HAL ratio within several high-elevation taxa also suggest a role of
local adaptation to microhabitats in contributing to diversification in this group.
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Molecular phylogenetics of the P. orestes species group

Since the redefinition provided by Brito et al. (2017), the monophyly of the P. orestes species
group has continuously been recovered in recent studies (Szekely et al. 2018, Urgiles et al.
2019). We found similar results in our analysis, but additionally, we recognize two clearly
defined major clades within the group (A and B) that are well-supported in both Bayesian and
ML inferences. This pattern was not evident in any previous phylogeny of the group due to the
small sample sizes and geographic sampling, which is understandable given that previous studies
of the P. orestes group focused on the placement and genetic delimitation of specific taxa rather
than exploring phylogenetic relationships of the whole group.
Our ML and Bayesian phylogenetic inferences produced identical topologies except for
the placement of two species (P. andinognomus and candidate species P. sp17); these
inconsistencies are also apparent between the mitochondrial and the nuclear gene trees
(Appendix C). Potential explanations for these incongruencies include incomplete lineage sorting
and hybridization events between non-sister taxa (Leache et al. 2014). Given that species groups
within Pristimantis are hypothesized to include recently diverged taxa (Ortega-Andrade et al.
2015, Shepack et al. 2016), ongoing hybridization and ancestral polymorphism can be common
processes generating incongruent evolutionary relationships across genetic loci. However, the
contributions of these processes remain to be evaluated in the P. orestes group and in
other Pristimantis clades, as variation across different regions is necessary to differentiate among
these processes. In general, studies with large and complex groups in Pristimantis would greatly
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benefit from the utilization of genome-wide approaches that would enable gene versus specieslevel diversification processes to be distinguished using many loci.

Cryptic diversity and species delimitation within the P. orestes species group

We recovered 41 candidate species in the P. orestes group, from which only 13 were previously
described. Although for most candidate species we found congruencies between at least two of
the delimitation methods, in some cases, we recovered different estimations among the three
methods. In those scenarios we decide to follow an overall conservative approach maintaining
those clades as one as suggested in Carstens et al. (2013). PTP resulted in the highest number of
splits in comparison with the other two methods; these results are concordant with other studies
that also notice a general pattern of over splitting groups with this method (Postaire et al. 2016).
ABGD was mostly congruent with morphology, however we noticed that in some cases it
lumped together several genetically distinct clades recovered in our phylogeny. It is possible that
this contradictory grouping is the result of greater pairwise distances generated by our outgroups
as we used Pristimantis sequences from other congeneric clades outside the P. orestes group in
our alignment. In those clades where we recovered incongruent results among our methods, we
also rely on genetic distances to support our final grouping. In these cases, the genetic
divergence between groups was larger than the conservative genetic distance threshold of >3%
used to delimit amphibian species (Fouquet et al. 2007). Is important to notice however that in
other amphibian groups, including Pristimantis the utilization of this threshold has resulted in
underestimation of species diversity (Caminer and Ron, 2014, Paez and Ron. 2019), and it has
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been suggested that a less conservative threshold of 2% should also be considered when
delimiting species within Pristimantis (Paez and Ron. 2019). Thus, we conservatively report 41
total species, but additional sampling, within the regions already surveyed and in additional
unexplored regions of southern Ecuador and northern Peru, will almost certainly reveal even
further diversity within this group.
Conflicting results between species delimitation approaches have been documented in a
plethora of different studies (Lang et al. 2015, Papakostas et al, 2016, Correa et al. 2017, Luo et
al. 2018), highlighting limitations of these methods and ultimately recognizing the importance of
using a combination of multiple lines of evidence to delimit species rather than relying on a
single dataset (Carstens et al. 2013). In Pristimantis, integrative taxonomy has provided support
for the description of complex cryptic groups in the Amazonia (Padial and De la Riva, 2009,
Ortega-Andrade et al. 2015, Araujo De Oliveira et al. 2019) and most recently have helped to
delimit large species complexes in the high elevation Andes (Paez and Ron et al. 2019).
Although most of the candidate species recovered with ABGD or PTP were also concordant with
our morphological examinations, we recognize that our delimitation results have limitations and
need to be tested using different lines of evidence. While the objective of our study was not to
provide a taxonomic revision of the group or describe new species, our analysis serves as
foundation for further taxonomic revision of candidate species within the group. Specifically, we
suggest that more extensive morphological comparisons using larger numbers of males, females
and juvenile individuals per candidate species coupled with comparisons of advertising calls of
males can be useful tools to support future species descriptions.
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Geographic distribution

Latitudinally, the distribution of the P. orestes species group in Ecuador extends from the
evergreen montane forest in the Bolivar and Cotopaxi provinces to the evergreen montane forest
and paramo ecosystem of The Yacuri National Park in Loja. The latitudinal limits in the
northwest reaches the Cashca Totoras Protected Forest and in the northeast corresponds to the
Sangay National park. We did not find evidence of other members of the group in the interAndean region between these localities despite multiple surveys. The western northern limit of
the P. orestes group could be influenced by the Chimbo-Chanchan valley, which has been
suggested as a major dispersal barrier for other Andean taxa (Krabbe, 2007, Munoz-Tobar and
Caterino, 2019). So far, in the south, members of the P. orestes group have only been found until
the border between Ecuador and Peru, however, because the montane forest and paramo of the
northern Andes continues in Peru (Richter et al. 2008), we cannot rule out the possibility that the
southern range of the group could also include the northernmost region of Peru. Future field
expeditions in this historically unsampled region are needed.

Diversification across geographical barriers and elevational gradients

Our estimations suggest an origin for the P. orestes group at 2880m, and a higher species
richness in the evergreen montane forest, which falls within the elevational band were the whole
Pristimantis genus originated (1500-3000m) (Meza-Joya and Torres, 2016) and in the
ecosystems where the most species of Pristimantis are found overall in Ecuador (Navarrete and

89

Ron, 2016). This higher species richness of Pristimantis at mid elevations, particularly in the
northern Andes of Ecuador and Colombia, can be partially explained by species-area correlations
(Meza-Joya and Torres, 2016) and overall significant relationships between rates of
diversification and elevational changes, correlated with the Andean uplift (Hutter et al. 2017). In
the most recent large-scale phylogeny of Pristimantis by Waddell et al. (2018), the age estimates
for the clade formed by P. orestes and P. simonbolivari (clade B in our phylogeny) recovered an
origin between 1.78 and 8.41 Ma. This estimation suggests an origin of this clade concordant
with the late Andean uplifts in the late Miocene and early Pliocene that occur between 12 and
4.5Ma, when the highest mountain peaks formed (Hoorn et al. 2010).
Our results further suggest a role of elevation in the split of the two major clades within
the P. orestes group. This split is likely the result of an ecological speciation event that occurred
between the medium-low elevation clade A, which is mainly distributed in the evergreen
montane forest, and the medium-high elevation clade B which is distributed towards the paramo
ecosystem. Interestingly, the distribution of clade A seems to be restricted towards the eastern
side of the Andes and is overall less diverse than clade B (Appendix K). This pattern possibly
suggests that transitions toward higher elevation ecosystems are linked to more diversification in
the P. orestes group. Similar patterns of increasing speciation towards higher elevations were
also noted in other Pristimantis groups from northwestern Ecuador, where differentiation
between clades was correlated with thermal gradients and changes in vegetation zones (Arteaga
et al. 2016). However, the specific contributions of climatic regimes in the diversification of the
P. orestes group remain to be determined and require finer-scale temperature and microhabitat
measurements than are currently available.
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Although elevation seems to be the main driver separating the older split in the group, the
genetic differentiation within clades is not explained by elevation or distance. Thus, it is possible
that landscape features such as valleys and basins are acting as barriers, promoting allopatric
speciation within clades. We found that most sister taxa recovered from our phylogeny display
non-overlapping distributions and occur at similar elevations and ecosystems, suggesting
allopatry as the most common mode of speciation in the P. orestes group. Additionally, we found
that 12 sister species in the group are separated by geographical features such as the Giron Paute
Valley (Quintana et al. 2017), the Rio Jubones basin (Sornoza-Molina. et al. 2017), Catamayo
river, (Krabbe, 2017) and the Rio Zamora Basin (Sornoza-Molina et al. 2017) that have been
found to be strong dispersal barriers for other Andean groups including hummingbirds (Krabbe,
2017), and vascular plants (Quintana et al. 2017). An additional eight sister species also shown
no overlapping occurrences, but we were not able to identify clear barriers between them. Thus,
while it is possible that smaller-scale landscape features such as small rivers could be promoting
differentiation between these species, further studies accounting for population structure and
tests of geographical diversification are needed to support this hypothesis. We found exceptions
to the otherwise typical pattern of no overlapping distributions in three sister species pairs. P.
sp10 and P. muranunka show an overlapping distribution in one locality at Cordillera del
Condor, whereas P. vidua and P. sp14 overlap in the montane forest of Cajanuma. However,
given the large genetic distances (4.5% and 7%) we recovered between these species, it is
possible that this pattern reflects missing taxa in the group instead. Further sampling in
Cordillera del Condor and in the Cajanuma region will likely help to clarify this pattern. An
interesting pattern was found between sister species P. sp15 and P. proserpens, which occur in
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close geographic distributions but in different adjacent ecosystems and at different elevational
gradients. This differentiation across ecosystems and the genetic distances of 3% that we found
in our analysis suggest a pattern of ecological speciation. However, we did not find any
differentiation in the FDW/HAL ratio between these species, thus ecological divergence is not
driven by specific hand features among these species. An important consideration in our study is
that our inferences are based on the limited available data on occurrence per species. Future
studies should focus on using a combination of niche modeling and environmental analysis to
build predictive models of species distributions (Chunco et al. 2012) and integrate other
phenotypic traits to test for hypothesis of ecological differentiation.
One of the most striking morphological differences across species in the P. orestes group
is the hand structure, that can vary between long and slender with thinner discs and fingers, to
short and wide with broad discs and fingers. We recovered a clear differentiation in the
FDW/HAL ratio between Clades A and B, with overall higher ratios found for clade A.
However, we found that this variation is not correlated with elevation and instead we suggest that
could be associated with specific adaptations to microhabitats and vegetal structure. The
characteristic short and wide hand and finger discs in some members of the P. orestes group was
noticed by Brito and colleagues (2017) who associated this feature to terrestrial bromeliads
found in the montane forests. From data obtained from field notes from the collectors, original
species descriptions and our own field observations, we noted that species and candidate species
from clade A were found almost exclusively in terrestrial bromeliads, with two exceptions: P.
sp8 individuals where mostly found in small ferns near the ground whereas for P. sp5 the
microhabitat data is lacking. Interestingly, egg masses were also found alongside with the adults
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of P. sp 6, suggesting that this species use terrestrial bromeliads as a breeding site and thus
reflecting a high degree of association to this very specific microhabitat (Figure 22). Strong
associations to bromeliads have been recently documented for at least 99 other bromeliad species
across different amphibian families in south America (Talione et al. 2017). In other amphibian
groups such as tree frogs, broader disc pads have been correlated with increasing adhesion to
surfaces such as leaves (Langowski et al. 2018), thus it is possible that this characteristic in some
members of the P. orestes group is also associated with specializations to bromeliads. However,
detailed habitat information from species recovered as part of the P. orestes group are needed to
further link morphological traits to specific microhabitat features. Additionally, we acknowledge
that the FDW/HAL ratio used herein might not be adequate to completely capture the hand
variation, and other measurements including finger widths and size and shape of subarticular and
palmar tubercles and pad texture need to be also considered.
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Figure 22. Bromeliad Pristimantis with eggs found during field expeditions in Cerro Pan de
Azucar, Morona Santiago. Photo by Henry X. Garzon.

Conservation implications

The highlands of the Andes are among the most threatened regions in the world (Cincotta et al.
2000, Menendez-Guerrero and Graham 2013). The causes behind this level of biodiversity threat
include widespread habitat loss, high occurrence of pathogenic infections (Catenazzi et al. 2010)
pathogem and limited conservation tools to manage sensitive areas such as natural parks and
local protected lands Even in the protected areas, information regarding highly sensitive taxa is
sparse, limiting conservation efforts and management planes. In Ecuador, the montane forest and
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paramo harbor more than 70% of the diversity of amphibians in the country and members of
Pristimantis represent a booming 40% of that diversity, thus representing an essential component
of Andean biota. One of the strongest limitations in our current local management plans is that
we have been unable to document an important percentage of this amphibian diversity, especially
in the southern region of the country. This is particularly problematic because the tools that we
have in hand right such as the amphibian red list are focused on species, therefore accurate
taxonomic units are crucial for the implementation of local conservation strategies (Paquin et al.
2008). Some species that are part of the P. orestes group are already categorized as Endangered
by the IUCN (i.e P. orestes sensu stricto, IUCN 2018), whereas the extinction risk of other
species is unknown because the lack of ecological and distributional information. We expect that
the results of our study will aid in conservation of Pristimantis frogs and of the Andes region by
i) enhancing the knowledge of the diversification of small terrestrial vertebrates in high altitude
ecosystems, ii) providing an estimation of the alpha diversity of the group and delimiting species
that can be potentially used as taxonomic conservation units, and iii) describing the geographic
diversity and distribution of the members of the P. orestes complex across southern Ecuador.
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Conclusions and future approaches
Members of the P. orestes species group are highly diverse in the south and central Andes of
Ecuador. By generating a multigene phylogeny based on 475 new sequences, we report an
increase on the diversity of the group of over 300%. We formally include P. saturninoi, P.
vidua, P. colodactylus and P. proserpens as members of the group and use integrative taxonomy
to delimit and re-describe P. orestes sensu stricto. Re-descriptions and comparisons with
holotypes and paratypes are required for previously described species that were recovered as
members of the genus (re-description, distribution notes, and call description of P. vidua and P.
colodacytlus will be discussed in a forthcoming publication, Paul Szekely, personal
communication). The delimitation analysis used herein support the existence of 28 candidate
species that need to be formally described using integrative taxonomy approaches based on
multiple lines of evidence (Ortega-Andrade et al. 2015).
Our study suggests that an early split of the group was influenced by elevation, however,
at shallower nodes, most genetic differentiation within sister species seems to be driven by
specific landscape features that act as biogeographical barriers. Given that allopatric processes
seem to be the most common model of speciation in the P. orestes group, future work should
focus on understanding the role of climate in allopatric species pairs (Jezkova and Wiens, 2017)
and identifying latitudinal replacements at similar elevations to test hypothesis of differentiation
via secondary contact originating from allopatry (Cardena and Cespedes, 2019). Here, we found
no link between the FDW/HAL ratio and elevational gradients, however, it is possible that
instead variation in this trait could be associated with specific microhabitats and vegetal
structures. Using a combination of traits that have influence in the adaptive
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In Pristimantis, life history information is limited and the current scale of environmental
data (ecosystem level characterization, climatic data from global data bases) might be too broad
to reflect the complexity of microhabitat (Guayasamin et al. 2017). Thus, future studies will
greatly benefit from finer scale in-situ climatic data and detailed descriptions of microhabitat
features.

97

APPENDIX A: SPECIMENS USED FOR MORPHOLOGICAL
COMPARISONS. FOR EACH SPECIMEN WE PRESENT THE MUSEUM
NUMBER AND LOCALITY.
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Museum
number
DHMECN9667
DHMECN9677
DHMECN9683

Species

Locality

Pristimantis andinognomus
Pristimantis andinognomus
Pristimantis andinognomus

QCAZ46740

Pristimanti bambu

QCAZ46704

Pristimanti bambu

QCAZ46710

Pristimanti bambu

KU142151
KU142160
QCAZ68408
QCAZ68403
QCAZ68390
QCAZ68393
QCAZ68368
QCAZ68406
QCAZ68384
QCAZ27556
QCAZ27553
QCAZ27554

Pristimantis colodactylus
Pristimantis colodactylus
Pristimantis mazar
Pristimantis mazar
Pristimantis mazar
Pristimantis mazar
Pristimantis mazar
Pristimantis mazar
Pristimantis mazar
Pristimantis mazar
Pristimantis mazar
Pristimantis mazar

QCAZ27493

Pristimantis mazar

QCAZ 65025

Pristimantis muranunka

QCAZA40783
KU141998
KU142002
KU14200
QCAZ 45556
DHMECN
12232
DHMECN
12235
DHMECN
12231
DHMECN1223
3
DHMECN1223
4

Pristimantis orestes
Pristimantis sp.
Pristimantis sp.
Pristimantis sp.
Pristimantis sp.

Ecuador: Zamora Chinchipe, Urdaneta
Ecuador: Zamora Chinchipe, Urdaneta
Ecuador: Zamora Chinchipe, Urdaneta
Ecuador: Cañar, La Libertad, Reserva
Mazar
Ecuador: Cañar, La Libertad, Reserva
Mazar
Ecuador: Cañar, La Libertad, Reserva
Mazar
Ecuador: Loja, Abra del Zamora
Ecuador: Loja, Abra del Zamora
Ecuador: Cañar, La libertad
Ecuador: Cañar, La libertad
Ecuador: Cañar, La libertad
Ecuador: Cañar, La libertad
Ecuador: Cañar, La libertad
Ecuador: Cañar, La libertad
Ecuador: Cañar, La libertad
Ecuador: Cañar, La libertad
Ecuador: Cañar, La libertad
Ecuador: Cañar, La libertad
Ecuador: Cañar, Rumiloma, Reserva
Mazar
Ecuador: Zamora Chinchipe, Nuevo
Paraiso
Ecuador: Azuay, Sigsig
Ecuador: Loja, Urdaneta
Ecuador: Loja, Urdaneta
Ecuador: Loja, Urdaneta
Ecuador: Loja, Lagunas del Compadre
Ecuador: Morona Santiago, Cerro
Sambalan,
Ecuador: Morona Santiago, Cerro
Sambalan,
Ecuador: Morona Santiago, Cerro
Sambalan,
Ecuador: Morona Santiago, Cerro
Sambalan,
Ecuador: Morona Santiago, Cerro
Sambalan,

Pristimantis saturninoi
Pristimantis saturninoi
Pristimantis saturninoi
Pristimantis saturninoi
Pristimantis saturninoi
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Museum
number
DHMECN1223
7
DHMECN1223
8
DHMECN1224
7
DHMECN
10745
DHMECN
10746
MZUA.An0968
MZUA.An0969
MZUA.An1126
MZUA.An1127

Species

Locality

Pristimantis saturninoi
Pristimantis saturninoi
Pristimantis saturninoi
Pristimantis tinajillas

Ecuador: Morona Santiago, Tinajillas

Pristimantis tinajillas

Ecuador: Morona Santiago, Tinajillas

Pristimantis tinajillas
Pristimantis tinajillas
Pristimantis tinajillas
Pristimantis tinajillas

Ecuador: Morona Santiago, Tinajillas
Ecuador: Morona Santiago, Tinajillas
Ecuador: Morona Santiago, Tinajillas
Ecuador: Morona Santiago, Tinajillas
Ecuador: Bolivar, Bosque Protector
Cashca Totoras
Ecuador: Bolivar, Bosque Protector
Cashca Totoras
Ecuador: Bolivar, Bosque Protector
Cashca Totoras
Ecuador: Bolivar, Bosque Protector
Cashca Totoras
Ecuador: Bolivar, Bosque Protector
Cashca Totoras
Ecuador: Bolivar, Bosque Protector
Cashca Totoras

QCAZ37665

Pristimantis simonbolivari

QCAZ37666

Pristimantis simonbolivari

QCAZ37667

Pristimantis simonbolivari

QCAZA57374

Pristimantis simonbolivari

QCAZA57375

Pristimantis simonbolivari

QCAZA64884

Pristimantis simonbolivari

MZUA.AN.249
2
MZUA.AN.249
5
MZUA.AN.249
6
MZUA.AN.249
8
MUTPL239
MUTPL251
MUTPL245

Ecuador: Morona Santiago, Cerro
Sambalan,
Ecuador: Morona Santiago, Cerro
Sambalan,
Ecuador: Morona Santiago, Cerro
Sambalan,

Pristimantis tiktik

Ecuador: Loja, Urdaneta

Pristimantis tiktik

Ecuador: Loja, Urdaneta

Pristimantis tiktik

Ecuador: Loja, Urdaneta

Pristimantis tiktik

Ecuador: Loja, Urdaneta

Pristimantis tiktik
Pristimantis tiktik
Pristimantis tiktik

Ecuador: Loja, Urdaneta
Ecuador: Loja, Urdaneta
Ecuador: Loja, Urdaneta
Ecuador: Zamora Chinchipe, 15 Km E
Loja
Ecuador: Zamora Chinchipe, 15 Km E
Loja

KU120082

Pristimantis vidua

KU120090

Pristimantis vidua
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Museum
number

Species

MUTPL147

Pristimantis vidua

MUTPL148

Pristimantis vidua

MUTPL156

Pristimantis vidua

MUTPL173

Pristimantis vidua

MUTPL143

Pristimantis vidua

MUTPL146

Pristimantis vidua

MUTPL152

Pristimantis vidua

Locality
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Ecuador: Loja, Bosque Protector
Washapamba
Ecuador: Loja, Bosque Protector
Washapamba
Ecuador: Loja, Bosque Protector
Washapamba
Ecuador: Loja, Bosque Protector
Washapamba
Ecuador: Loja, Bosque Protector
Washapamba
Ecuador: Loja, Bosque Protector
Washapamba
Ecuador: Loja, Bosque Protector
Washapamba

APPENDIX B: ADVERTISEMENT CALL OF PRISTIMANTIS
ORESTES SENSU STRICTO
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Wav file: Zookeys-864-111
Data type: species data
This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License (ODbL) is a
license agreement intended to allow users to freely share, modify, and use this Dataset while
maintaining this same freedom for others, provided that the original source and author(s) are
credited.
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APPENDIX C: DATA OF CALL RECORDINGS USED IN THE PRESENT
STUDY (DIST. = DISTANCE FROM THE FOCAL MALE; CALL = CALL
DURATION; TEMP. = AIR TEMPERATURE; H. = AIR HUMIDITY).
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Fonoteca
Voucher Locality
UTPL ID

FUTPLA-129

no

FUTPLA-130

no

FUTPLA-131

no

Ecuador,
Loja
province,
Saraguro
canton,
11 km
NE of
Urdaneta
Ecuador,
Loja
province,
Saraguro
canton,
11 km
NE of
Urdaneta
Ecuador,
Loja
province,
Saraguro
canton,
11 km
NE of
Urdaneta

Coordinates

Altitude
(m)

3.59154° S
79.13584°
W

2961

2016.08.04

20:51

1:03

1

10

82

3.59154° S
79.13584°
W

2961

2016.08.04

20:55

2:02

1

10

83

3.59154° S
79.13584°
W

2961

2016.08.04

20:57

0:34

1

10

83.5
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Date

Time

Call
(min)

Dist. (m)

Temp.
(°C)

H. (%)

Fonoteca
Voucher Locality
UTPL ID

FUTPLA-132

MUTPL
248

FUTPLA-133

MUTPL
249

Ecuador,
Loja
province,
Saraguro
canton,
11 km
NE of
Urdaneta
Ecuador,
Loja
province,
Saraguro
canton,
11 km
NE of
Urdaneta

Coordinates

Altitude
(m)

3.59153° S
79.13578°
W

2959

2016.08.04

21:04

1:05

1

9.5

83

3.59153° S
79.13578°
W

2959

2016.08.04

21:16

1:13

0.5

9.5

83.5
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Date

Time

Call
(min)

Dist. (m)

Temp.
(°C)

H. (%)

APPENDIX D. SINGLE GENE TREES FOR 12S, 16S AND RAG-1 FOR
THE PRISTIMANTIS ORESTES SPECIES GROUP, INFERRED WITH
MAXIMUM LIKELIHOOD.
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APPENDIX E. MAXIMUM LIKELIHOOD TREE INFERENCE OF THE
PRISTIMANTIS ORESTES SPECIES GROUP. BOOTSTRAP SUPPORT
VALUES ARE SHOWN FOR NODES OVER 70%. THE BAR
COLORATION INDICATES THE FOLLOWING: P. CAJANUMA SP. N
(YELLOW), P. ORESTES (DARK RED), P. SATURNINOI (BLUE), AND P.
QUINTANAI SP. N (GREEN).
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APPENDIX F. PRIMERS AND PROTOCOLS USED TO AMPLIFY
REGIONS OF 12S, 16S AND RAG-1.
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Gene

Forward primer

Reverse primer

12S

12L29 (5’AAAGCRTAGCACTGAAAATGCTA
AGA-3’)

12H46 (5’GCTGCACYTTGACCTGACGT3’)

16L19 (5’AATACCTAACGAACTTAGCGATA
GCTGGTT-3’)

16H36 (5’AAGCTCCAWAGGGTCTTCTC
GTC-3’)

16SC (5’GTRGGCCTAAAAGCAGCCAC3’)

16Sbr-H (5’CCGGTCTGAACTCAGATCA
CGT-3’)

16L34 (5’TTTAACGGCCGCGGTATCCTAA
CCG-3’)

16H47(5’AAAGRGCTTAGRTCTTTYG
CA-3')

Heinicke
et al.
2007
Darst
and
Cannatel
la 2004,
Palumbi
et al.
1991
Heinicke
et al.
2007

R182 (5’GCCATAACTGCTGGAGCATYAT3’)

R270 (5’AGYAGATGTTGCCTGGGTCTT
C-3’)

Heinicke
et al.
2007

16s

RAG-1
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Protocol
Heinicke
et al.
2007

APPENDIX G. SINGLE GENE TREES FOR MITOCHONDRIAL 12S AND
16S AND NUCLEAR RAG-1 FOR THE PRISTIMANTIS
ORESTES SPECIES GROUP, INFERRED WITH MAXIMUM
LIKELIHOOD.
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APPENDIX H. GENETIC UNCORRECTED PAIRWISE DISTANCES (%)
AMONG CLADES OF THE PRISTIMANTIS ORESTES SPECIES GROUP.
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APPENDIX I. EXTERNAL MORPHOLOGICAL CHARACTERS USED TO
DEFINE CANDIDATE SPECIES WITHIN THE P. ORESTES SPECIES
GROUP.
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Morphological characters
1. Type of skin on dorsum
Skin
2. Type of skin on venter
Tympanic
3. presence/absence of tympanic membrane
condition
4. presence/absence of tympanic annulus
5. presence/absence/shape of tubercles in upper
eyelid
6.
presence/absence/shape of tubercles in tarsus
Skin tubercles
7. presence/absence/shape of tubercles in ulna
8. presence/absence/shape of tubercles in heel
9. Shape of discs in Fingers
Finger and toes
10. Shape of discs in Toes
11. Shape of snout in profile view
Head
12. Shape of snout in dorsal view
13. Coloration patterns in dorsum
Coloration
14. Coloration patterns in venter
15. Coloration patterns in groin
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APPENDIX J. SPECIES DELIMITATION ANALYSIS IN THE P. ORESTES
SPECIES GROUP BASED ON PTP: POISSON TREE PROCESSES, ABDG
(AUTOMATIC BARCODE GAP DISCOVERY FOR PRIMARY SPECIES
DELIMITATION) AND EXTERNAL MORPHOLOGICAL CHARACTERS.
COLORS REPRESENTS THE PARTITIONS PROVIDED BY EACH
METHOD. YELLOW AND RED BARS REPRESENT SPECIES
RECOVERED IN AS A SINGLE PARTITION WITH THE ABGD
METHOD. BLUE BOX REPRESENTS CLADE FORMED BY P. BAMBU,
BLACK BOX REPRESENTS CLADE FORMED BY P. SATURNINOI AND
P. MAZAR.
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APPENDIX K. MAP OF SOUTHERN ECUADOR SHOWING
LOCALITIES OF MEMBERS OF THE P. ORESTES SPECIES GROUP,
INCLUDING CANDIDATE SPECIES DEFINED IN THIS STUDY. FOR
VISUALIZATION PURPOSES EACH MAP MATCHES A PORTION OF
THE PHYLOGENY.
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APPENDIX L. STATISTIC SUMMARIES FOR ELEVATION. (*) SPECIES
DEFINED IN THIS TABLE ALSO INCLUDE CANDIDATE SPECIES P.
SP1 TO P. SP28.
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Species*
P. andinognomus
P. bambu
P. cajanuma
P. colodactylus
P. mazar
P. muranunka
P. orestes
P. proserpens
P. quintanai
P. saturninoi
P. simonbolivari
P. tiktik
P. vidua
P. sp1
P. sp2
P. sp3
P. sp4
P. sp5
P. sp6
P. sp7
P. sp8
P. sp9
P. sp10
P. sp11
P. sp12
P. sp13
P. sp14
P. sp15
P. sp16
P. sp17
P. sp18
P. sp19
P. sp20
P. sp21
P. sp22
P. sp23
P. sp24
P. sp25
P. sp26

N
20
16
5
1
11
5
19
1
5
3
2
6
5
2
2
2
3
10
3
1
3
1
2
2
5
1
5
1
2
9
3
7
12
12
2
1
6
9
4

Median
2812.0
2896.0
2995.0
2813.0
3254.0
2597.0
3000.0
1850.0
2773.0
3337.0
2997.0
3300.0
2855.1
2479.0
2520.5
3348.0
2597.0
3121.0
2715.0
2764.0
3348.0
2300.0
2024.0
3083.0
3665.0
3439.0
3205.0
1740.0
3037.5
3709.0
3602.0
3707.0
3257.5
3453.5
3106.0
3337.0
3097.0
3504.0
2957.1

Mean
2731.0
2911.2
3002.0
2813.0
3138.9
2591.4
3092.2
1850.0
2769.6
3358.0
2997.0
3300.0
2873.6
2479.0
2520.5
3348.0
2679.0
3067.1
2719.3
2764.0
3348.0
2300.0
2024.0
3083.0
3525.1
3439.0
3224.3
1740.0
3037.5
3485.6
3723.0
3782.7
3225.1
3460.8
3106.0
3337.0
2988.3
3532.6
2950.3
125

Min
2012.0
2830.0
2985.2
2804.0
2895.0
2320.0
2958.8
1850.0
2699.0
3337.0
2997.0
3300.0
2788.6
2382.0
2394.0
3348.0
2597.0
2764.0
2647.0
2764.0
3348.0
2300.0
2015.0
3083.0
3250.0
3439.0
3058.6
1740.0
2817.5
2900.0
3475.0
3640.0
3023.0
3334.0
3106.0
3337.0
2646.0
3446.0
2922.7

Max
3007.3
2987.0
3041.7
2822.0
3435.0
2860.0
3400.0
1850.0
2830.0
3400.0
2997.0
3300.0
2960.0
2576.0
2647.0
3348.0
2843.0
3361.3
2796.0
2764.0
3348.0
2300.0
2033.0
3083.0
3709.0
3439.0
3366.0
1740.0
3257.6
3792.0
4092.0
3949.0
3400.0
3650.0
3106.0
3337.0
3222.0
3690.0
2964.4

SD
256.6
61.6
23.4
(-)
226.4
270.0
154.1
(-)
46.5
36.4
0.0
0.0
81.1
137.2
178.9
0.0
142.0
221.5
74.6
(-)
0.0
(-)
12.7
0.0
214.6
(-)
136.6
(-)
311.2
344.1
325.8
125.3
176.3
72.8
0.0
(-)
271.0
77.2
19.0

IQR
322.9
105.5
17.8
(-)
436.5
540.0
195.5
0.0
0.0
31.5
0.0
0.0
149.3
97.0
126.5
0.0
123.0
338.4
74.5
0.0
0.0
0.0
9.0
0.0
328.5
0.0
227.2
0.0
220.0
561.0
308.5
177.5
361.3
9.0
0.0
0.0
432.0
74.0
16.6

P. sp27
P. sp28

3
5

3375.0
2984.0

3375.0 3375.0 3375.0 0.0
2984.0 2984.0 2984.0 0.0
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0.0
0.0

APPENDIX M. STATISTIC SUMMARIES FOR THE FDW/HAL RATIO.
(*) SPECIES DEFINED IN THIS TABLE ALSO INCLUDE CANDIDATE
SPECIES P. SP1 TO P. SP28.
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Species
P. andinognomus
P. bambu
P. cajanuma
P. colodactylus
P. mazar
P. muranunka
P. orestes
P. proserpens
P. quintanai
P. simonbolivari
P. tiktik
P. vidua
P. sp1
P. sp2
P. sp3
P. sp4
P. sp5
P. sp6
P. sp8
P. sp9
P. sp10
P. sp11
P. sp12
P. sp13
P. sp14
P. sp15
P. sp17
P. sp18
P. sp19
P. sp20
P. sp21
P. sp22
P. sp23
P. sp24
P. sp25
P. sp27
P. sp28

N
Median Mean Min Max SD
IQR
16
0.173 0.168 0.132 0.196 0.017 0.022
5
0.138 0.142 0.117 0.169 0.019 0.011
1
0.114 0.114 0.114 0.114
(-)
0.000
1
0.188 0.188 0.188 0.188
(-)
0.000
17
0.141 0.145 0.121 0.178 0.014 0.013
3
0.196 0.190 0.160 0.212 0.027 0.026
14
0.128 0.126 0.078 0.153 0.024 0.038
1
0.176 0.176 0.176 0.176
(-)
0.000
10
0.159 0.159 0.114 0.224 0.033 0.043
3
0.115 0.117 0.103 0.132 0.015 0.015
6
0.120 0.125 0.091 0.156 0.024 0.028
2
0.156 0.156 0.150 0.162 0.008 0.006
1
0.203 0.203 0.203 0.203
(-)
0.000
2
0.169 0.169 0.164 0.174 0.007 0.005
2
0.179 0.179 0.163 0.195 0.022 0.016
5
0.182 0.180 0.160 0.205 0.019 0.029
7
0.161 0.170 0.143 0.218 0.025 0.020
4
0.183 0.182 0.159 0.202 0.018 0.014
9
0.203 0.204 0.172 0.235 0.021 0.029
12
0.182 0.181 0.157 0.211 0.016 0.017
3
0.171 0.169 0.154 0.181 0.013 0.013
2
0.168 0.168 0.166 0.169 0.002 0.002
4
0.126 0.120 0.088 0.139 0.023 0.025
1
0.154 0.154 0.154 0.154
(-)
0.000
2
0.113 0.113 0.105 0.121 0.011 0.008
3
0.157 0.165 0.141 0.198 0.029 0.029
8
0.132 0.130 0.110 0.150 0.015 0.019
3
0.122 0.128 0.121 0.140 0.010 0.009
13
0.129 0.128 0.086 0.154 0.017 0.015
9
0.126 0.124 0.097 0.140 0.013 0.019
8
0.117 0.118 0.084 0.135 0.017 0.023
5
0.209 0.216 0.193 0.250 0.021 0.014
3
0.161 0.155 0.139 0.163 0.013 0.012
8
0.144 0.137 0.104 0.161 0.021 0.031
9
0.106 0.112 0.096 0.150 0.017 0.017
6
0.129 0.126 0.110 0.145 0.014 0.020
4
0.127 0.127 0.118 0.136 0.008 0.011
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